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NOMENCLATURE 
 
A  : Area  
a : Speed of sound  
D : Nozzle diameter  
dm : Mach disk diameter  
e : Internal energy 
k : Turbulent kinetic energy 
M : Mach number 
NPR : Nozzle pressure ratio (= p0/pa) 
m&  : Mass flow rate 
p : Pressure  
pimpact : Impact pressure  
Pr : Prandtl number 
Prt : Prandtl number for turbulence 
Sg : Geometrical swirl number 
S : Source of sink 
Sij   : Mean strain rate 
r : Radial distance from nozzle exit  
T : Absolute temperature 
x : Axial distance from nozzle exit  
Xm : Mach disk length 
Xa : Annular shock wave length 
Xr : Recirculation region length 
Yr : Size of recirculation region 
t : Time 
u, v, w : Components of velocity 
cp      : Specific heat at constant pressure 
Re : Reynolds number 
ρ : Density 
τ : Shear stress 
γ : Ratio of specific heats 
δ : Jet width 
 xi
 
Subscripts 
a : Ambient state  
b : Base 
e : Nozzle exit  
0 : Stagnation  
p : Primary jet 
s : Secondary jet or static condition 
 
Superscripts 
* : Choked condition (M = 1) 
~  : Mean-weighted averaged quantifier 
 ¯ : Time average quantifier 
' : Fluctuation with respect to a mean-weighted average 
 1   
CHAPTER 1 
INTRODUCTION 
 
1.1 Motivation and Background 
Supersonic jet discharged from a nozzle or an orifice has long been employed in various 
engineering applications such as jet propulsion, textile manufacturing, jet burner, gas atomization, gas 
circuit breaker, abrasive blasting, etc. In general, the performance of such applications is associated 
with the flow characteristics of jet.  
 
A great deal of studies has been performed to elucidate the major features of supersonic jet such 
as shock structure, pressure distribution, and jet boundary configuration, which are closely related to 
the jet pressure ratio. It is known that the shock structure in supersonic jet has four characteristic 
patterns, depending on the pressure ratio, pe/pa, where pe is the static pressure at nozzle exit and pa is 
back pressure at the surrounding conditions on which the jet is placed.  
 
Figure 1.1 shows typical flow patterns of the supersonic jet, which is discharged from a 
convergent-divergent nozzle. At a given jet supply pressure p0, the flow is subsonic throughout the 
nozzle for the back pressure pa slightly less than p0(Flow pattern 1). As pa decreases, the flow is 
choked at the throat and then decelerated to a subsonic speed in the divergent section (Flow pattern 2). 
For further decrease in pa, the flow is accelerated to a supersonic speed in the divergent section, and 
then meets a normal shock wave. The flow decelerates from a supersonic speed to a subsonic speed 
across the normal shock wave. Downstream of the normal shock wave, the flow becomes similar to 
that in a subsonic diffuser (Flow pattern 3).  
 
Meanwhile, as pa is further decreased, a normal shock wave appears at the exit plane of the 
nozzle (Flow pattern 4), although it is quite difficult to be met in actual flows. Here it is noted that for 
four flow patterns mentioned above, the static pressure pe at the exit of the nozzle is always matched 
with the back pressure pa. Thus, the flow direction at the exit of the nozzle is essentially parallel to the 
nozzle wall.  
 
As the back pressure is decreased below that to obtain the flow pattern 4, the entire flow inside 
the nozzle is supersonic, and remains unchanged even for further decrease in the back pressure. At the 
exit of the nozzle, the static pressure becomes different from the back pressure, consequently leading 
to three characteristic structures, depending on the back pressure, as follows (Aksel and Eralp, 1994); 
 
1) A typical representation of over-expanded jet regime is given by flow pattern 5. The flow is 
 2   
sonic at the throat where the Mach number is unity, and supersonic in the entire diverging 
section of the nozzle. The flow is over-expanded at the exit plane, because the pressure at the 
exit plane is lower than the back pressure. The compression, which occurs outside the nozzle, 
involves non-isentropic oblique shock wave, as schematically shown in Figure 1.2(a). 
 
2) Flow pattern 6 represents the condition for which the convergent-divergent nozzle is actually 
designed. The flow is entirely isentropic inside and outside the nozzle such that the exit plane 
pressure is just equal to with the back pressure. Owing to the choking at the throat, the flow is 
supersonic in the entire diverging section of the nozzle. For pe= pa, the jet shape discharging 
from the exit of nozzle is cylindrical, as indicated in Figure 1.2 (b). 
 
3) Flow pattern 7 is a typical flow pattern of under-expansion flow regime. Increasing the jet 
pressure ratio p0/pa above the ideally expanded condition results in a pressure mismatch at the 
exit of nozzle in which the static pressure pe is greater than the back pressure pa. The flow must 
further expand through a centered expansion fan which forms at the nozzle exit, and is then 
considered as a moderately under-expanded jet (Figure 1.2(c)). 
 
A decrease in the back pressure below the flow pattern 7 mentioned above causes more rapid flow 
expansion at the exit of nozzle, consequently leading to strong expansion process. The expansion 
waves are reflected from the jet boundary and the resulting reflected waves coalesce to form a 
strong oblique shock wave. Along the jet axis, the pressure jump across the shock is so strong that 
the oblique shock wave can not sustain such a pressure condition in the jet, consequently leading 
to a normal shock, called Mach disk, downstream of the exit of nozzle (Figure 1.2(d)). This is 
considered as a strongly under-expanded jet. 
 
Much effort has been devoted to engineering applications using the supersonic jet characteristics 
described above. In addition, a number of studies have been made to reduce the supersonic jet noise, 
which is closely related to the shock structure in the jet(Powell, 1953; Seiner and Norum, 1980), or to 
promote turbulent mixing of the jet(Huh and Driscoll, 1996; Gutmark and Grinstein, 1999; Mi et al., 
2000). These works have been focused on several kinds of modifications of the fundamental 
supersonic jet mentioned above.        
 
For the purpose of reducing the jet noise, the major features of the supersonic jet can be achieved 
by, for instance, using a small protuberance or tap installed into the nozzle exit(Wishart et al., 1993), a 
reflector device to intercept acoustic feedback mechanism generated in the supersonic jet(Norum, 
1982), a control wire device which is installed into the jet flow field(Anderson et al., 1999, Lee et al., 
2000), etc.  
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Recently, there has been a growing interest in the supersonic jet with a secondary annular stream 
with regard to the combustion instability of rocket engines(Christoper, 1989; Martens, 1996), the 
mixing enhancement of the two stream(Murakami and Papamoschou, 2001; Villermaux and Rehab, 
2000), the suppression of the jet noise emanated from a turbofan engine(Dosanjh, 1971; Dahl and 
Morris, 1997 a, b, c ; Papamoschou, 2003), and the gas laser cutting or welding in industrial 
manufacturing processes (Niu, 1996; Narayanan and Damodaran, 1993; Chen et al., 2000).  
 
According to these works, the jet flow field is strongly influenced by the jet pressure ratios in 
each of both the streams, the momentum flow ratio of two streams, nozzle configuration, the contact 
angle of the secondary stream to the primary jet. The secondary stream can significantly alter the gas 
dynamics of the primary jet. It can alter the structures of shock waves in supersonic jet, the 
compressibility effects and viscous shear actions between two streams, etc.  
 
In general, the secondary stream is imparted to the primary supersonic jet through a coaxial 
annular nozzle, in which the supersonic jet is discharged from the inner nozzle, and the secondary 
stream from the annular nozzle. Detailed near field structure of supersonic coaxial jet was first 
investigated by Dosanjh et al.(1969), about 35 years ago. Such a dual-stream jet consists of two shear 
layers, one between the primary jet and secondary stream, and the other between secondary stream and 
ambient gas, as illustrated in Figure 1.3. The dual coaxial jet is highly complicated due to the strong 
interaction between two streams. However, the flow field is, as a whole, briefly described as;   
 
1) The secondary stream strongly interacts with the primary jet upon discharging from the coaxial 
nozzle. The presence of lower pressure in the base region of the coaxial nozzle with a finite lip 
thickness causes compressive turning of the individual stream, resulting in oblique shock waves.  
These shock waves dramatically change the individual stream. 
 
2) A Mach disk appears near the jet axis as the consequence of the interaction between the oblique 
shock waves. Downstream of the Mach disk, the flow is subsonic. Outside the Mach disk, the 
flow is decelerated through the oblique shock waves, but the flow can be still supersonic with a 
reduced Mach number. Thus, strong shear action is generated due to this velocity difference.  
 
3) The oblique shock waves affect the annular stream, and the pressure increase through the 
oblique shocks changes the local flow conditions in two contacting streams. The Prandtl-Meyer 
expansion waves, which are generated inside the inner jet, alter the flow direction of the annular 
stream. If the pressures at the boundary of the two contacting streams are matched properly, the 
reflection of the expansion waves can be cancelled. Otherwise, it reflects only as a weak 
compression wave, resulting in an additional weak oblique shock.  
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4) The coaxial jet flow is subject to strong shear actions downstream of the shock system. The 
primary inner jet becomes subsonic downstream of the Mach disk. It interacts with the 
surrounding supersonic flow and becomes again supersonic further downstream. The shearing 
process slows down, and the radial extent of the supersonic interface region becomes narrow. 
The annular mixing occurs at the subsonic secondary stream boundary.  
 
The comprehensive illustration of the coaxial jet mentioned above has given a useful insight into 
understanding the flow characteristics of coaxial jet. However, many problems from the point of view 
of gasdynamic and phenomenological aspects remain unknown with regard to the effects of secondary 
annular stream on the primary supersonic jet flow. The flow field is extremely complicated. The 
existing data are not enough to understand the related flow physics, and are too sparse for the purpose 
of engineering design of coaxial nozzle.  
 
Recently, a supersonic coaxial jet with a secondary swirling stream is being used in aerospace 
technologies and industrial manufacturing processes(Vu and Gouldin, 1982; Jose et al., 1999), since 
this gives a better performance and efficiency, compared with secondary no swirling stream. The 
addition of a swirl motion to the secondary stream can enhance jet mixing or affect the jet noise 
emission. This is because the secondary swirl stream influences the boundary conditions around the 
primary jet, changing the major feature of the primary jet. Unfortunately, however, there is little work 
associated with the fundamental features of the supersonic, coaxial jet with a secondary swirling 
stream. The major features such as jet core, spreading rate, turbulent mixing, shock structure, pressure 
distribution, etc., should be known for the purpose of practical engineering applications.  
 
In the past, the coaxial swirling jet has long been employed as a novel means of controlling 
flames in combustion chamber, increasing fuel-air mixing in gas turbine burners, and reducing 
pollution emissions and has extensively applied to such engineering applications as spray driers, 
burners, ejectors, and jet pumps, where the turbulent mixing of the two coaxial streams is practically 
very important. In general, the gasdynamics of swirling jet combines the characteristics of rotating 
motion and the turbulence phenomena generated in jet and wake flow. When a rotating motion is 
imparted upstream of nozzle, the gas flow discharging from the nozzle has a tangential velocity 
component in addition to the axial and radial components of velocity produced in no-swirling jet. The 
presence of the swirl velocity components can lead to the radial and axial pressure gradients, which, in 
turn, influence the jet flow. In the case of strong swirl, the adverse pressure gradient is sufficiently 
large to result in a reverse flow along the jet axis and thereby forming a recirculation flow. This 
recirculation flow plays a practically important role of stabilizing flame in combustion chamber 
technologies because recirculated combustion products create a reduced velocity region, where flame 
speed and flow velocity can be matched.  
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According to the previous experimental works(Leibovich, 1984; Cattadesta and Settles, 1992; 
Clemens and Mungal, 1991), the swirl motion controls jet growth, entrainment, jet decay, flame size, 
shape, stability, and combustion intensity. In this case, the swirl intensity is a key parameter to 
determine the characteristics of the jet flow. Several works(Carpenter and Johannesen, 1975; Carpenter, 
1976, 1980, 1981, 1985; Schwarts, 1975; Knowles and Carpenter, 1989) aimed at reducing the jet 
using the swirl motion, with minimal effect on specific thrust. However, these works all were limited 
to subsonic coaxial jets. 
 
In recent aerospace technologies and industrial manufacturing processes, such as enhancement of 
the mixing between two streams(Sujith at al., 2001), and improvement of plasma cutting 
performance(Niu, 1996), much interest is being concentrated on engineering applications of 
supersonic swirling jet with secondary stream, because it leads to a better performance, compared with 
the subsonic swirling coaxial jet (Doerner and Cutler, 1999).  
 
However, the present understanding on supersonic swirling coaxial jet is very limited and the 
existing data are only a few. The problem would be more complicated under the situations that the 
secondary annular swirl stream interacts with the primary supersonic jet. Then, the major features such 
as the recirculation region, jet spreading and propagation length of jet can be different, compared with 
the secondary stream of no swirl.   
 
It should be noted here that the swirling jet flow can be strongly dependent on the ways of how to 
generate it. Several methods have been suggested to generate the swirling jet, such as a combination of 
tangential inlets and adjustable vanes(Yu et al., 1998), a rotating pipe(Rose, 1962), a swirl 
generator(Chigier and Beer, 1964), and angled vanes(Kerr et al., 1965).  
 
From the gasdynamic point of view, the supersonic jet with no swirl is dependent only on nozzle 
pressure ratio, but is not sensitive to the supply chamber configuration at nozzle inlet. This situation 
can differ in the swirling jet. Until now, no work has been made to elucidate the effect of nozzle inlet 
configuration on supersonic swirling jet. 
 
The present understanding on the supersonic coaxial jet with secondary stream is not too 
sufficient for practical engineering applications. Associated flow field is highly complicated with a lot 
of unknown phenomena. Thus, research to elucidate these topics is very challenging and practically 
important, as well. The present study was initiated as a fundamental step of a long-term project 
regarding the supersonic coaxial swirling jet technologies.  
 
In the present study, experimental and computational works have been carried out to investigate 
the major flow characteristics with regard to the supersonic coaxial jet with the secondary annular 
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stream which is swirling or not swirling. The swirl effects of the secondary annular stream on the 
primary jet are specified with the pressure measurement and flow visualization. Several different kinds 
of swirl nozzles have been employed to investigate the nozzle configuration effects.  
 
1.2 The Objectives of Research 
Many practical engineering applications are often encountered in modifying a fundamental 
supersonic jet. The supersonic coaxial jet can be one of them. In the present study, the effect of swirl 
motion on the supersonic coaxial jet is experimentally investigated. In this regard, the present study is 
divided into the following three phases.  
 
The first phase focuses on understanding the major features of supersonic coaxial jet with 
secondary swirling stream. This can be mainly achieved by investigating the effects of the swirl 
motion of the secondary stream on the supersonic primary jet. Thus, the main objectives of this phase 
are to clarify the effect of nozzle pressure ratio(NPR) of the coaxial jet, the effect of the secondary 
swirling stream, nozzle configuration effect, and secondary stream thickness effect on the 
characteristics of supersonic coaxial jet.  
  
The second phase is to get a better understanding on the characteristics of supersonic swirling jet 
with secondary swirling stream, especially on the size of recirculation region, which plays a major role 
in flame stability, and on the pressure distributions. This can be accomplished by clarifying the effects 
of NPR, the secondary annular stream, impinging angle of secondary swirling stream to the primary 
jet, and the primary nozzle lip-thickness on the supersonic, coaxial, swirling jet.   
 
In the third phase, the effects of the nozzle supply chamber configuration on the supersonic 
swirling jet, which are discharged from a convergent nozzle with four tangential inlets at the nozzle 
supply chamber, are considered with the objectives to obtain design factors of the supersonic coaxial 
swirl nozzle.  
 
In order to implement the investigations in the three phases mentioned above, experimental and 
computational works have been done. All of tests were carried out with the same nozzle pressure ratio 
at the room temperature condition, and with a nine flow patterns described in Figure 1.4 in detail. The 
present thesis is composed of 7 chapters.  
 
In chapter 1, the background and motivation of the present study are briefly described with an 
emphasis of engineering applications making use of the supersonic coaxial swirl jet. In chapter 2, the 
associated previous studies are briefly introduced with a view of engineering applications. The major 
research results obtained so far are discussed to highlight the needs the present study. Then, the main 
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parameters influencing the supersonic coaxial swirling jet are introduced using existing experimental 
data.  
 
In chapter 3, the dual, coaxial, jet experimental facility and measurement method used in the 
present study are described in detail, with detailed descriptions of pressure transducers and pitot probe 
and schlieren optical system. The detailed configuration of the coaxial nozzles used is also presented. 
The data acquisition systems are described with error estimations of the present measurements.  
 
The descriptions in chapter 4 are made on the experimental and computational works to elucidate 
the characteristics of the supersonic coaxial jet with secondary annular swirling stream such as the 
near field structure, pressure distribution, and jet spreading. The results of typical computational 
analysis to understand the interaction between two streams are presented.  
 
In chapter 5, the experimental results are treated to address the characteristics of the supersonic 
swirling jet with secondary annular swirling stream. The effect of secondary outer stream on the 
characteristics of the supersonic swirling jet is discussed in terms of the near field structures, the 
pressure distribution, the size of recirculation region, the pressure ratio, nozzle-lip thickness, etc.  
 
The importance of the nozzle supply chamber configuration in the supersonic swirling jet is 
emphasized in chapter 6. The chamber configuration is changed using plugs and needles, which are 
installed in various different types, without greatly changing the total volume of the chamber. The 
experimental data are discussed based on the pressure measurements and visualizations.  
 
Finally in chapter 7, the important conclusions obtained from the present study is listed and 
presented together with the brief summary of the present study, and then some future works are 
suggested including several problems left unsolved the present study.  
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Figure 1.1 Flow patterns with back pressure and static pressure 
distributions in supersonic nozzle. 
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Figure 1.2 Effect of the back pressure on the jet discharged from a 
supersonic nozzle, (a) Over-expanded flow, (b) Correctly 
expanded flow, (c) Moderately under-expanded flow, (d) 
Strongly under-expanded flow.  
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Figure 1.3 Illustration of shock structure and flow details of coaxial jet 
flow (Bassiouni, 1976). 
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Figure 1.4 Illustrative flow patterns of the experimental flow conditions, 
(a) Primary single jet, (b) Primary jet with secondary stream, 
(c) Primary jet with secondary swirling stream. 
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Figure 1.4 Continued, 
    (d) Primary swirling single jet, (e) Primary swirling jet with 
secondary stream, (f) Primary swirling jet with secondary co-
swirling stream. 
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Figure 1.4 Continued 
(g) Primary swirling jet with secondary counter-swirling 
stream, (h) Secondary annular single jet, (i) Secondary annular 
swirling jet. 
 14   
CHAPTER 2 
PREVIOUS WORKS 
 
Early works on coaxial jets were motivated mainly by applications in combustion and aircraft 
propulsion. Forstall and Shapiro(1950) were the first to perform an experimental investigation on mass 
and momentum transfer between the two streams of a co-flowing jet with very large secondary flows 
in subsonic region, and showed that the velocity ratio of the primary to secondary stream is the 
principal parameter determining the shape of the mixing region, and proposed an empirical relation for 
the length of the primary potential core. 
 
Meanwhile, the feature of supersonic, dual, coaxial jet was first investigated by Love et al.(1959). 
They made theoretical studies on a jet exhausting into supersonic streams, and indicated that a 
supersonic outer stream can permit an intersecting shock pattern at a much higher pressure ratio before 
forming a Mach disk than would be the case for a subsonic outer stream.  
 
A number of works have been made to investigate the subsonic and supersonic dual, coaxial jet. 
These works have been mainly to investigate 1) jet noise suppression, 2) mixing enhancement, and 3) 
feature of shock wave system. However, unfortunately, there have been little works on the supersonic 
jet with secondary annular swirling stream, and on the supersonic swirling jet with secondary annular 
stream.  
 
In this chapter, the previous works are viewed to explain the dual coaxial jets with secondary 
stream of swirl and no swirl, and the important features and main parameters determining them are 
discussed with the purpose of giving an insight into the present study.  
   
2.1 Dual, Coaxial Jet 
2.1.1 Jet structure 
One of distinct feature of the supersonic jet structure, which is related with the performance of 
industrial applications, is the shock cell system, especially the Mach disk.    
D`Attore and Harshbarger(1965) reported first that the distance of Mach disk from the nozzle exit 
decreased as the outer secondary flow velocity was increased, but the detailed near filed structure of 
the supersonic coaxial jet for a given flow condition is showed by Dosanjh et al.(1969).  
Buckley(1975) has argued that the location of the Mach disk generated in a supersonic, dual, coaxial 
jet will not be altered since the axial Mach number distribution upstream of the Mach disk is 
independent of the conditions of the external streams. Masuda et al.(1993, 1994) have reported that the 
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presence of secondary annular jet has a favorable effect for reducing the diameter of Mach disk which 
is formed in the primary inner jet.  
 
Meanwhile, Narayanan and Damodaran(1993) have argued that the Mach disk location and its 
diameter will increase with the pressure ratio of secondary annular jet, and secondary annular stream 
will significantly change the Mach number distribution upstream of the Mach disk. This is in a serious 
confliction to the report made by Buckley(1975).  
 
Recently, detailed investigation on the near field structure of supersonic, dual, coaxial jet was 
made experimentally by Rao et al.(1996). They investigated the gasdynamic parameters influencing 
the supersonic, dual, coaxial jet, such as the geometric parameters of the inner nozzle, jet static 
pressure ratio (ratio of the exit plane static pressures of the inner and outer nozzles), and the ratio of 
outer to inner nozzle throat area, and showed a superimposed outer and inner jet structure through 
several schlieren visualizations. They reported that the inner flow is compressed by the outer flow, 
resulting in the formation of a Mach disk, which is also significantly influenced by the jet static 
pressure ratio. They further investigated the nozzle divergence angle and boattail angle effects on the 
jet structure.  
 
Williams et al.(1969) investigated the flow structure and acoustics of subsonic, compressible 
coaxial jets, and suggested empirical relations for their primary potential core length and their noise 
emission. However, they did not take account for the density ratio and compressibility effects, which 
can be important to specify the coaxial jet.  
 
2.1.2 Jet mixing  
The dual coaxial jet has been applied largely to engineering mixers since it has no any 
mechanical mixer parts, and provides much effectiveness with clean flow path and good preservation 
of the axial momentum of the flow. In general, mixing enhancement has a close relation with the 
suppression of supersonic jet noise.  
 
Westley & Lilley(1952) and Seiner and Gilinski(1997) have tried to investigate the mixing 
enhancement of two streams using a lobed nozzle. Ahuja & Brown(1989), and Samimy et al(1993) 
have made experimental works of the mixing enhancement using a nozzle with a small tab at its exit. 
Samimy et al.(1998) have conducted an experimental investigation on the effects of the configuration 
of the exit of nozzle. Strykowski et al.(1993, 1996) have employed a counter flow method.  
 
Although these methods could produce a significant increase in jet spreading rate, reduction of 
the jet noise was not only insufficient but the jet, sometimes, also was louder. Moreover, the thrust loss 
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induced by mechanical mixers amounted over about 10%(Seiner, 1998; Samimy et al., 1998), which 
was unacceptable for effective and economic operation of the system.  
 
Papamoschou(1996, 2000, 2003) has made extensive works to investigate the mixing 
characteristics in the dual, coaxial jet. He showed that at a given primary flow condition, the spreading 
rate of the primary jet increased with an increase in the secondary flow velocity in subsonic flow 
speed range. He found that the spreading rate was significantly increased, as the secondary flow 
reached at a state very close to sonic conditions (correctly in the approximate range of Mach number 
between 0.8 and 1.2). For further increase in the secondary flow velocity over a supersonic range, the 
spreading rate was decreased. This was due to the reduced velocity difference across the shear layers, 
as the secondary flow velocity increased to the supersonic speed.  
 
In general, the mixing enhancement reduces the length of the Mach-wave-emitting region of the 
jet. This causes the near field Mach waves to be more amplified, leading to appreciable thrust penalties. 
For example, Nagamatsu et al.(1972) argued that each dB of the noise reduction was accompanied by 
about 1 % thrust loss. Papamoschou(1996) has used a mixer ejector system to overcome this problem. 
Tillman et al.(1992) further studied the lobed mixer and ejector, and made a significant progress for 
the mixing enhancement without accompanying much thrust loss. They also found that the secondary 
flow reduces the growth rate of the primary shear layer, and elongates the primary potential core and 
the supersonic region of the jet. These results showed that the entrainment rate of the coaxial jet was 
less than that of a single jet, and the potential core length increased by as much as 68% when the 
secondary mass flow rate was increased. They further investigated the effects of the primary nozzle 
eccentricity on the mixing enhancement, and obtained that the eccentric configuration led to 
substantial improvement in mixing.  
 
2.1.3 Jet noise 
Applications of the supersonic, dual, coaxial jet to suppress jet noise was systemically explored 
by Dosanjh et al.(1969, 1971). They have investigated various parameters such as nozzle geometry, 
pressure ratio, mass flow ratio between two streams, etc., and found that the co-axial reduces jet noise 
emission. They also observed a significant noise reduction at certain combinations of pressure ratios 
for the inner and outer streams at which the shock structure of the jet was significantly weakened. 
Dosanjh et al.(1970) conducted an extensive experimental study of supersonic coaxial jet. Using 
a small-scale nozzle, they investigated a minimum noise condition for shock containing coaxial jet. As 
the outer nozzle pressure ratio was fixed above a critical value, the inner nozzle pressure ratio could be 
increased from a no flow condition to some condition at which the measured overall sound level was a 
minimum less than the outer jet alone. For higher inner pressure ratios, the noise increased. This 
minimum noise condition always occurred for inner nozzle pressure ratios less than the outer nozzle 
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pressure ratios. Their optical shadowgraphs showed that the repeated shock structures were destroyed 
at the minimum noise condition. Thus they believed that the overall noise reduction was primarily due 
to a decrease in shock-associated noise.   
 
Recently, Tanna(1980) pointed out that the above results were very sensitive to the nozzle 
geometry. He conducted the experimental work on coaxial jet with the same conditions to Dosanjh et 
al. Tanna and Morris(1985) also defined a minimum noise condition based on overall sound pressure 
level measurements. For a fixed outer nozzle pressure ratio, the minimum noise condition was 
obtained when the inner nozzle pressure ratio was about 1.9 slightly above a critical value. Tam and 
Tanna(1985) reported that the minimum noise condition are strongly dependent on the nozzle 
configuration employed, definition of minimum noise. 
 
Bhutiani(1976) investigated the effect of the nozzle-lip thickness on the supersonic coaxial flow, 
and showed that for the coaxial jet issuing from two convergent nozzles with zero exit divergence 
angle, operated at unequal pressure ratios for the inner circular and outer annular jets, the flow 
structures are strongly influenced by the lip thickness. Thus, they concluded that a coaxial convergent 
nozzle with a finite but thin lip results in substantial noise reduction about 4-16 dB.  
 
Farassat(1970) studied about the geometrical configuration of two convergent coaxial nozzles and 
showed that an optimum area ratio for minimum radiated noise was nearly unity and the lip thickness 
of each nozzle plays an important role in the supersonic coaxial jet flow.  
 
Further works on large scale supersonic coaxial jet were made by Ahuja(1976), Bassiouni(1976) 
and Bhutiani(1976). They indicated that the shocks were very weak or nonexistent for a correctly 
expanded flow condition, at which appreciable overall noise reduction was obtained. Olson and 
Friedman(1974) made experimental works over many kinds of coaxial configurations, and concluded 
that the noise reduction at supersonic conditions are qualitatively the same to that at subsonic 
conditions. The results mentioned above revealed that the secondary flow reduces Mach wave 
emission in supersonic jet, leading to the jet noise reduction. This has proven by Papamoschou and his 
co-workers(1996, 1997, 1998, 2000a, 2000b, 2001, 2002, 2003, 2004).   
 
Such a Mach Wave Elimination(MWE) technique, where a secondary flow prevents the 
formation of Mach waves from the primary jet has been extensively applied by many researchers. Key 
elements of successful implementation of MWE are the length of the Mach wave-emitting region of 
the jet, and the ability of secondary flow to cover that region. However, a major drawback of the 
coaxial arrangement is that the secondary flow reduces the growth rate of the primary jet, hence 
lengthens the Mach wave-emitting region of the jet. Consequently, a thick secondary flow is required 
to cover the dominant noise-source region, and to achieve appreciable noise reduction.  
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In general, the effectiveness of the co-flow in reducing the Mach waves can be dependent on four 
major factors as follows; 
 
1) Convective Mach number of the jet eddies relative to the co-flow. This number should be less 
than one. The lower it becomes, the faster the attenuation of the signal within the co-flow 
thickness. 
2) Convective Mach number of the co-flow eddies relative to the ambient gas. This number should 
also be less than one, although one may tolerate some radiation from the co-flow if the jet 
radiation is greatly suppressed. 
3) Co-flow thickness. The greater it is, the more disturbances have to decay sub-sonically before it 
reaches the ambient gas. 
4) Coverage of the Mach wave-emitting region of the jet by the co-flow. If the co-flow dissipates 
before the end of this region, Mach waves will still be generated. 
 
Dhal and Morris(1997a, b, c) used the analytical and numerical analyses to conduct a parametric 
study of supersonic coaxial jet. They considered the instability waves as the dominant source of 
mixing noise radiating into the downstream arc of a supersonic jet, when the waves have the phase 
velocities that are supersonic relative to ambient conditions. They calculated both normal velocity 
profile and inverted velocity profile coaxial jets with the mixing length model. The stability 
calculations were used to predict the noise radiation from coaxial jets with different operating 
conditions. They showed that normal velocity profile jets can have noise reductions, compared to the 
single equivalent jet, especially if the outer jet stream is hotter than the inner jet stream. No noise 
reductions are found for inverted velocity profile jets operated at the minimum noise condition 
compared to the single equivalent jet. However, it is inferred that changes in area ratio can provide 
noise reduction benefits for inverted velocity profile jets. 
 
2.2 Dual, Coaxial, Swirling Jets 
2.2.1 Recirculation region 
The recirculation region is practically important to stabilize a flame in a combustion chamber 
technology since the re-circulated combustion products create a reduced velocity region where flame 
speed and flow velocity can be matched. Syred and Beer(1974), Lilley(1977), Leschziner and Rodi, 
(1984), and Naughton et al.(1997) has made experimental works to investigate the swirl jet, and found 
that the swirl jet leads to an increase in the spreading and decay rates of jet, thereby increasing the 
entrainment rate of ambient gas into the jet, compared with the jets of no swirling. It is known that the 
swirling intensity is a key parameter to determine the major characteristics of jet. As the swirling 
intensity exceeds a certain critical value, a region of reverse flow appears in the central region of the 
swirling jet since the force due to axial adverse pressure gradient exceeds the kinetic forces of the jet 
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flow. 
 
Much effort has been devoted to the recirculation region generation mechanism in swirl jet. Some 
studies showed that the formation of free stagnation point or recirculation region on the jet axis is due 
to the vortex breakdown(Hall, 1972; Martin, 1975; Gore and Ranze, 1964; Syred and Beer, 1974; 
Lilley, 1977, Vu and Gouldin, 1982).  
 
Champagne and Kromat(2000) studied on the near flow filed of coaxial swirl jet, using flow 
visualization and hot-wire anemometry, and reported that the flow is sensitive to both the swirl number 
and the mass flow ratio between the outer and inner jets. The necessary condition for the formation of 
the recirculation zone is that the swirl number must exceed a minimum value, which depends on the 
mass flow ratio. 
 
Vu and Gouldin(1982) investigated a model swirl combustor under non-combusting conditions, 
and reported that in the coaxial swirl jet combustor, the outer swirl has a strong effect on the formation 
of the recirculation zone, and on mixing characteristics in the jet shear layer. Ribeiro and 
Whitelaw(1980), Merkle et al.(2003), Guputa et al.(2001), Durbin and Ballal(1996), Gouldin et 
al.(1985) investigated the effects of co- and counter-swirling airflows on the flame characteristics. 
They found that compared to the co-swirl configuration, the counter-swirl condition is better in the 
flame stability, which is due to the feature of the recirculation zone. 
 
Durbine and Ballal(1996) measured a generic double-step swirl combustor fuelled with methane 
and propane, using the co- and counter-swirling configurations, and found that the counter-swirl 
conditions produced an attached flame for moderate inner swirl intensity, leading to a better flame 
stability. Cutler et al.(1995) made use of swirl jet to enhance fuel/air mixing in scramjets using the 
coflow nozzle, but they did not explain the effects of the outer stream on the inner swirling jet 
characteristics. 
 
2.2.2 Jet mixing  
The concept of swirl-enhanced mixing is not new. Based on observations of low speed and 
transonic swirling flows, Swithenbank and Chigier(1968) were early pioneers of the idea of mixing 
enhancement in a supersonic flow by swirling the fuel jet. Swirl was generated by tangential injection 
into the plenum, accelerated in a nozzle. The vortex breakdown occurs in the jet, leading to increased 
entrainment of the ambient gas into by the jet. In their tests, the combustion intensity was increased, 
indicating a higher mixing efficiency. Although their tests were limited mainly to subsonic flow 
conditions, the reverse flow zone could be found in a transonic swirling jet, which suggests that these 
effects could also be achieved in a supersonic jet.  
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Cutler et al.(1999, 2001) further investigated the supersonic swirling jets. The jet was created by 
tangential injections into a swirl chamber, and accelerated through a convergent-divergent nozzle. 
They observed higher peak helix angles than those observed in the previous subsonic studies, and that 
the mixing layer growth rates increased considerably with swirl.   
 
Povinelli & Ehkers(1972) and Schetz & Swanson(1973) investigated the swirling jet injected into 
a supersonic co-flow stream. They believed that the addition of swirl did hardly enhance the mixing. 
In contrast to these works, more recent investigations have documented that the swirl does 
substantially enhance compressible turbulent mixing. To prove this, Cutler et al.(1993) performed  an 
experimentation in a Mach 2.2 swirling jet, using a planar laser scattering technique. Their results 
revealed that the shear layer growth rate increased with the degree of swirl and were about three times 
higher than that of the non-swirling jet.   
 
Naughton et al.(1997) carried out an experimental work for the mixing enhancement in which 
various intensity swirls were added to a axisymmetric jet, and showed that the addition of swirl to the 
jet increases entrainment by up to 60%, compared to a corresponding non-swirling case, and the swirl 
intensity required to achieve a significant mixing enhancement is relatively small. They further 
concluded that the mixing layer growth rate of the swirling jet is greater than that of non-swirling 
counterparts.  
 
Gouldin et al.(1985) studied the effect of the sensitivity of inlet and boundary conditions on a 
swirl combustor by means of measuring the velocity of the premixed coaxial jet, and reported that the 
recirculation zone can be generated both in co-swirl and counter-swirl conditions for reacting flow,  
but only in counter-swirl for non-reacting flow.  
 
In spite of a number of experimental works on the supersonic, dual, coaxial jets, even the near 
field flow structures are not understood well. Existing data are in conflict with other results and the 
effects of the outer secondary flow on the structure of inner jet still remain ambiguous.   
Especially, the data on supersonic, dual, coaxial, swirling jet is few and very limited to subsonic 
coaxial jets. Further study is needed to detail the supersonic, dual, coaxial free and swirling jet for 
practical engineering applications. 
The present study is initiated as a fundamental step of a long-term project regarding the 
supersonic coaxial swirling jet technologies.  
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CHAPTER 3 
EXPRIMENTAL APPARATUS AND PROCEDURE 
 
This chapter described the experimental apparatus and methods employed such as the dual 
coaxial jet test rig, instruments, and procedure etc. All parts of this study used the same facility, 
procedure, and instruments, but the coaxial nozzle and flow condition used in each part is not the same. 
Then, the details of coaxial nozzle and flow conditions will be introduced in each chapter later. 
 
3.1 Experimental Facility  
The blow down dual, coaxial jet facility was constructed for the current study, as schematically 
shown in Figure 3.1. The test facility consists of a compressor, a drier, a reservoir tank, a primary and 
secondary plenum chambers, coaxial nozzle, 3D traverse, schlieren optical system, and data 
acquisition system. This facility permits the operation of a wide variety of jet nozzle and absolute 
pressure. Compressed dry air in the reservoir tank with a volume of 6.0m3 is separately supplied into 
the primary and secondary plenum chambers upstream of the dual, coaxial nozzle. In this condition, 
the reservoir tank provides approximately 50 seconds for steady run.  
 
The primary and secondary plenum chamber pressures, p0p and p0s are varied using the pressure 
regulators. The pressure ratios for two streams are given as p0p/pa (defined as NPRp) and p0s/pa, 
(defined as NPRs), where pa is the ambient pressure. Thus, in the case of NPRs=1.0, there is no 
secondary stream, while NPRp=1.0 means no primary jet. 
 
3.2 Procedure 
The experiments are carried out through flow visualization and pressure measurements. Flow 
visualizations are made using a schlieren method with a Xenon light source with a spark light time of 
500ns and the flow fields’ images are transmitted to PC through CCD camera.  
The pressure measurements are taken in the radial direction and nozzle axis using a fine Pitot 
probe with an outer diameter of 0.8mm equipped with a pressure transducer. In addition, a cone static 
probe with a pressure transducer is used to measure the static pressures. These probes are installed 
onto a 3-way traverse system, which is controlled by a PC. The moving speed of the probe is 
negligibly low to ensure that the probe movement does not significantly disturb the dual, coaxial jet. 
Measurement of the jet stagnation pressure is taken from inside the settling tank. A Kulite model ITQ-
1000 pressure transducer calibrated for the range of pressure tested (0-150 psig) is connected to the 
two tanks and fittings.  
A Unipluse model AM30 high gain carrier demodulator receives the transducers signal and 
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amplifies it at a proportional minus-to-plus ten volts signal. An analog-to-digital converter in 
conjunction with a personal computer records the amplified output from the demodulator to the 
computers hard disk. Similarly, a type-k thermocouple located inside the settling tank measures the jet 
stagnation temperature. Shinsei TRH-7X moistures and temperature meter receives the thermocouple 
and displays the corresponding temperature and output a proportional 0-10 volt signal to the data 
acquisition system. This setup allows a continuous record of the jet stagnation conditions through the 
experiments. The temperatures are nearly at atmospheric condition in experiments so that the air 
temperature effect is negligible in the present experiments.  
 
Pressure measurement from within the jet flow is made using the Pitot probes described in a later 
section of this chapter. The Pitot probes are connected via 8mm internal diameter to a Kulite model 
CT-190 pressure transducer calibrated for the proper pressure range(total pressure probe, 0-100 psig, 
static probe, 0-25 psig). Again, the Uniplus AM30 high gain carrier demodulator receives and 
amplifies the transducers signals and the analog-to-digital converter recorded the output to the 
computers hard disk. Pressure transducer calibrations were checked before the experiment 
 
3.3 Instruments  
Probes were mounted on a computer 3-D traverse mechanism allowing the measurement of flow 
quantities at any position within the flow field downstream to about x/Dp=30 from the nozzle exit. This 
3-D traverse mechanism is comprised of three single-axis traverse mechanisms mounted with 
orthogonal axis. Each single axis consists of a sturdy rail mounted car and a step motor(100 step/rev.) 
coupled directly to a power screw. Positioning of the traverse is accomplished through a Unidex 11 
motion controller. The motor can position the probe to single step positions, which results in a 0.1mm 
linear resolution; the traverse is mounted horizontally on a heavy table approximately 0.5 m below the 
jet flow. 
 
The Pitot probe employed in this study is shown in Figure 3.2(a). It used the tip of a hypodermic 
needle with a 0.5 mm I.D. and a 0.8 mm O.D. and the blockage of the probe to the jet area is about 
0.28%. The probe was connected to its transducer directly. This type of probe is relatively insensitive 
to misalignment, errors being less than 1 % for a probe misalignment of up 10o. Errors in impact 
pressure due to turbulent flow were probably less than 1 %(Cutler and Johnson, 1997). 
 
The cone static probe consisted of a cone tip of 10o nominal semi vertex angle with four 0.3 mm 
holes drilled normal to the cone surface 13mm from the tip(Figure 3.2(a)). The four holes, which led 
to a common chamber, were located 90o apart around the cone. The probe was connected to the 
transducer directly. This type of probe is sensitive to misalignment; pressure sensed is expected to fall 
by about 5% at a probe misalignment of 10o. Turbulent flow is expected to like a fluctuating 
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misalignment and in turbulent flow the probe should read low by as much as the same 5%(Cutler and 
Johnson, 1997). 
 
3.4 Data Acquisition 
Each run or survey consisted of the probes making a number of sweeps over the end of the duct 
for a given case. During each survey, the translation stage motion was controlled using LabVIEW, a 
programming environment from National Instruments. The LabVIEW data acquisition program was 
set up to initialize the translation stage, and then take initial zero-flow condition data before operation 
of the experiment facility, and then upon pressurizing the plenum the program took measurements as 
the probes swept across the flow. 
 
All pressure transducers and thermocouples were connected to their own AM30 DC Amplifier for 
signal conditioning. The outputs of AM30 were connected to a National Instruments BNC-2110 
multiplexer and a PC with an NI PCI-6036E analog-to-digital converter. Each AM30 DC amplifier 
was set to a gain of 20 and a fine gain of 6 and to filter out signals above 100Hz. The LabVIEW data 
acquisition program read all voltages, performed data reduction(converted the voltage to the proper 
physical quantities), and wrote the data to disk. 
 
All data was measured three times for all cases of experiment conditions and averaged in the 
LabVIEW programs. For visualization, the schlieren optical system with the Xe light source and 
LabVIEW Image acquisition program, NI-IMAQ vision used and the flow fields’ images are 
transmitted to PC with an IMAQ PCI-1409 image processor through CCD camera Hamamatsu model 
C3077-70. 
 
3.5 Experimental Uncertainty 
As with any measurement system, the uncertainty of the data is of particular concern. The 
uncertainty in the current experiment is estimated in the following section. 
The traverse mechanism used in the experiment is able to position the probes to within 0.01 
millimeter of its intended position. However, this is dependent on the initial positioning of the probes. 
Furthermore, the use of three different probes adds another degree of uncertainty of the quantities 
calculated of an alignment as possible.  
The experiment is executed such that the data for all the nozzles is collected using a single probe 
before the next probe is mounted. This insured that the position of a given probe is accurate to within 
0.5 millimeter of the jet exit centerline. This indicates that the spatial misalignment between any given 
set of probes is no greater than 1.0 millimeter. These small misalignments between the probes are 
unavoidable and results in errors, which are difficult to quantify. Knowledge of the transducer 
calibration allows the determination of the error in NPR of the jets. It has been determined that the 
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pressure readings are reliable to within 0.01 atm for the stagnation pressure, and 0.01 atm for the 
ambient pressure. Simple analysis by taking the worst-case creations in pressure, the error in 
determining NPR is found to be 1.0 % of the nominal value. 
 
The uncertainty in pressure measurements is estimated to be less than ±1.0%, while it is 
estimated to be about ±3.5% for flow rate measurements. These estimations are based on the 
maximum possible fluctuations in the measurements and do not account for any shock wave 
interference or probe misalignment. Calibrations of the pressure transducers are made prior to each 
test. 
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Figure 3.1 Schematic outlook of experimental facility. 
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Figure 3.2 Details of pressure probe (unit: mm) 
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CHAPTER 4 
SUPERSONIC JET WITH SECONDARY ANNULAR STREAM 
 
Many practical engineering applications are often encountered in modifying a fundamental 
supersonic jet. The supersonic coaxial jet can be one of them. 
The descriptions in this chapter are made on the experimental works to elucidate the 
characteristics of the supersonic coaxial jet with secondary annular swirling stream such as the near 
field structure, pressure distribution, and jet spreading by investigating the effects of the nozzle 
pressure ratio(NPR) of the coaxial jet, the secondary swirling stream, nozzle-lip thickness, and  
secondary stream thickness.  
The results of typical computational analysis to understand the interaction phenomenon between 
two streams also are presented.  
 
4.1 Coaxial Nozzle and Flow Conditions 
Four coaxial nozzles with a different nozzle-lip thickness(tn) and secondary stream thickness(ts) 
are employed in present study and the details of the dual, coaxial nozzles are indicated in Figure 4.1 
and Table 4.1. The primary inner circular nozzle with two kinds of nozzle-lip thicknesses, 0.5mm and 
1.5mm, respectively, has a convergent part followed by a straight section with a length of 10mm, and 
its exit diameter Dp is 8.0 mm. Secondary annular outer nozzle with three kinds of nozzle exit 
diameters, 13mm, 15mm and 17mm, respectively, has four tangential inlet ports for swirling streams 
and four axial inlet ports for non-swirling stream, respectively. These inlet ports are connected with the 
plenum chambers. For secondary swirling stream, the axial inlet ports are closed using a dummy plug, 
while for secondary annular no swirling stream, the tangential inlet ports are closed.  
 
For secondary swirling stream, A geometrical swirl number (Sg) is used to specify the swirl 
intensity(Chigier and Beer, 1964), 




+= ′′ )()2/( atossg mm
m
ADrS &&
&
θ
θπ                      (4.1) 
Where, am&  and θm&  are the mass flow rates through the axial and tangential inlets of the 
nozzle. The values of rs’, Dso’ used in calculating a swirl number are the equivalent diameters of rs and 
Dso, respectively. The values of rs, Dso, At(=total area of inlet ports) are indicated in Figure 4.1. In the 
experiment, both θm&  and am&  are measured using a venturi flow meter installed on the inlet pipe 
upstream of the dual, coaxial nozzle. It should be noted that the geometrical swirl number defined in 
Eq. (4.1) does not take account for the exit velocity profiles.  
 
 28   
In this study, the stream for the swirling jet is generated only in the tangential inlets. Then the 
swirl numbers for secondary swirling stream is fixed values, Sgs=2.01. The nozzle pressure ratios 
(NPR) of both the jets, which determine the mass flow ratio between the primary and secondary jets 
are varied in the range between 1.0 and 7.0, as summarized in Table 4.2.  
As presented in Table 4.2, the under-expanded jet with secondary annular stream of no 
swirl(Figure 1.4 (b)) is defined as Case A, and secondary annular stream of a swirl against the primary 
swirling jet(Figure 1.4(c)) as Case B. 
 
4.2 Computational Analysis 
This section discusses the methodology used to calculate the mean flow development of a 
supersonic coaxial jet. The approach is numerical method with many simplifying assumptions used in 
the governing equations. These assumptions also lead to the need for a turbulence model to close to 
the set of governing equations. 
In computational analysis for supersonic jet, the steady calculation becomes divergent because of 
the complexity of the flow fields structure caused by interaction between the supersonic region and 
subsonic region and the uncontinuous phenomenon due to the shock wave system. In this study, 
unsteady, hyperbolic NS equation is solved using a time matching method. 
 
4.2.1 Governing equations  
The compressible flow of a jet is governed by the continuity, momentum, energy, and state 
equations. The standard ε−k turbulent model was used. The flow field was assumed as the 
axisymmetric. 
The equations in axisymmetric coordinates reduce to: 
continuity: 
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energy: 
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where τ and s are viscous shear stress terms and source terms respectively 
and given by  
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here, the thermal conductive rate is  
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where the Prandtl number Pr and the turbulent Prandtl number Prt are taken as 0.74, 1.0, 
respectively.
 
The fluid of interest is a perfect gas. Hence, the equation of state takes the form: 
 p = ρ Rg T        (4.6) 
Also, the laminar viscosity is related to temperature according to Sutherland’s Law. 
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where µr, Tr, and S are given by 16.63 × 10-6 pa ⋅s, 273.2 K, 107, respectively, as a reference state.  
 
In this study, the standard ε−k  model with the compressibility correction employs the eddy 
viscosity concept and relates eddy viscosity to the turbulent kinetic energy and dissipation rate as 
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 where P is the production of turbulent kinetic energy as following; 
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Then the turbulent viscosity term is calculated from (4.7), (4.8) as following; 
( )ερµ µ /2kct =          (4.11) 
The empirical coefficients used in here are; 
3.1,0.1,92.1,44.1,09.0 21 ===== εµ σσ kccc  
Here, introduce the non-dimensional variable in equation (4.1)-(4.5) 
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where “′” means the non-dimensional quantify and “*” is for throat state. c* is sonic velocity. 
Then (notation ′ is emitted) 
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SGFWGFQ vv ,,,,,,  are 6×1 column matrix and their elements are  
 












=
ρε
ρ
ρ
ρ
ρ
k
e
v
u
Q
,  












+
+
=
ερ
ρ
ρ
ρ
ρ
u
uk
upe
uv
pu
u
E
)(
2
,  












+
+=
ερ
ρ
ρ
ρ
ρ
v
vk
vpe
pv
u
v
G
)(
2 ,  












+×=
0
0
)(
1 2
vpe
v
uv
v
r
W
ρ
ρ
ρ
,                
 












=
x
xk
xr
xx
v
k
S
F
εµ
µ
τ
τ
ε
14
0
,   












=
r
rk
rr
xr
v
k
S
G
εµ
µ
τ
τ
ε
24
0
,  












−⋅
−⋅
×=
)(Re
)(Re
0
1
2
21
34
33
k
c
k
Pcr
Pr
S
S
r
S
xr
ερε
ρε
τ
      (4.13)
 
and 
 



 +−== rtre PP
K
Dc
R µµγ
γ
µ
γρ
1
,
*
)/*(*
      (4.14) 
 
c
R
k
c
t ερµµ
2
=         (4.13) 
 



∂
∂+∂
∂


∂
∂+∂
∂










 +−∂
∂+∂
∂+∂
∂+∂
∂=
r
v
x
u
r
v
x
u
k
cR
t
x
v
r
u
r
v
x
u
cR
tP ρ
µµ
3
2
3
22
2
122
2
2
 (4.14) 
to transfer the coordinate, the following is introduced. 
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for apply in (4.11), then  
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here 
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where J is the Jacobian of the curvilinear coordinate system. 
 
4.2.2 Numerical scheme 
In present numerical analysis, the left hand side 2nd and 3rd convective terms of the governing 
equation with two-equation turbulence mode(Tulapurkara, 1997) transferred to ξ-η coordinate system 
was discretized by 3rd order Chakravarthy and Osher’s TVD scheme(Chakravarthy and Osher, 1981), 
and Runge-Kutta method as time integration, and viscous terms are evaluated using 2nd order central 
differences. 
Total Variation Diminishing(TVD) high resolution schemes have proven to be very effective for 
computing inviscid flows. However, for high Reynolds number viscous flows, the numerical diffusion 
which is introduced by the limiter functions can have undesirable effects, generally leading to 
misrepresentation of the viscous effects. There exists now a larger number of limiters, among them the 
Minmod limiter which known to be very diffusive. All of these classical limiters do not depend on the 
Courant number, and retain only a simplified condition to satisfy the TVD constraints. To prevent 
numerical oscillations, it can increase the order of accuracy of the scheme from 2 to 3 in smooth 
regions, at least in linear scalar case. As these limiters depend on the local Courant number, they are 
well adapted only for unsteady flows.  
 
To discretize the convective terms, introduce the upwind different scheme. 
As the vector terms 
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here, A is Jacobian matrix and given by 
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as the results of developing, the convective numerical flux functions are written as follows: 
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where F and G are 4x1 matrix. 
 
For F, line 1 of 4 is given by: 
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where φ is parameter to control of the space difference precision. 
 
The minmod function is expressed following: 
{ } [ ]{ }yxxxsngyx ββ )sgn(,min,0max)(,,modmin =  
φ
φβ −
−≤<
1
31         (4.24) 
 
The reader will find the detail developing process about the 3rd order Chakravarthy and Osher’s 
TVD scheme in reference. 
 
Time Discretization was carried using the three-stage Runge-Kutta time-stepping 
scheme(Jameson et al., 1981).  
The following steps are adopted for the present work, 
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The partial differential equation is introduced in equation (4.24), then 
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where, n is the current time level, n+1 is the new time level. With local time stepping, the solution 
at each point is advanced at the maximum ∆t allowed by stability. Both convection and diffusion 
stability limits are included in the computation of ∆t. 
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It is able to accelerate and has the convergence rate by taking the different time step in each cell 
to maintain the uniform C.F.L. number. In this study, the following formulation is used to take the time 
step ∆t: 
( ) jijivuc rxCFLt ,22 ,),(min ++ ∆∆=∆       (4.27) 
Here, the value of the CFL is 0.5. 
 
4.2.3 Computational domain and boundary conditions 
The computational domain and boundary conditions of coaxial nozzle used in the present study 
are illustrated in Figure 4.2. The boundary conditions used are inlet total pressure and outlet static 
pressure, respectively. The symmetric conditions at the axis of coaxial nozzle reduce computational 
effort for full domain and adiabatic, no-slip conditions are applied to the solid walls. 
The present computations are performed using the nozzle I presented in Table 4.1.  
 
In computations, the total pressure p0p and back pressure pb are given at the inlet and outlet of 
coaxial nozzle, respectively. The total pressure is varied between 3atm and 7atm, and the back 
pressure is the atmospheric state, but the gas temperature at the inlet of the coaxial nozzle is fixed at 
T0=298K. 
The outer boundary condition is simply that the u and H values must equal free stream conditions. 
To put it algebraically,  
 
uj+1= uj = u∞ 
Hj+1= Hj = H∞ 
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A structured grid system of about 96,000 grid points was employed in computations. The fineness 
of computational grids was examined to assure that the obtained solutions were independent of the 
grid employed. The grids were densely clustered near the nozzle exit and in shear layers of two 
streams, so as to provide more reasonable predictions. A solution convergence was obtained when the 
residuals for each of the conserved variables have reduced below the order of a magnitude 5. Another 
convergence criterion is to directly check the conserved quantities through the computational 
boundaries.  
 
4.3 Single Jet 
To understand the characteristics of the dual, coaxial jet, firstly, it is important to know the 
features of the supersonic single jet. Figure 4.3 shows shadowgraph pictures of the supersonic jets 
without secondary annular streams.  
For NPRp=2.0, the jet is close to a nearly correct expansion state at the exit of nozzle. Any clear 
shock system is not visible. For NPRp=3.0, the jet is moderately under-expanded and the oblique 
shock waves (barrel shock) are formed downstream at the exit of nozzle, as shown in Figure 4.3(b). 
The shock waves intersect on the jet axis and reflect from the jet boundaries, causing the repeated 
oblique shock waves that interact with the turbulent eddies convected along the jet. These have been 
known as a major source of the shock-associated noise(Tam, 1971).  
For higher NPRp, the jet is strongly under-expanded at the exit of nozzle, the barrel shock waves 
are clearly visible and these reflect on the jet axis, resulting in a Mach disk, as shown in Figure 4.3(c). 
The Mach disk becomes stronger and its location moves downstream with an increase in NPRp. It is 
found that the diameter of the Mach disk increases with NPRp. The slip lines are formed downstream 
of the Mach disk. The present results show that the formation of a Mach disk is obtained as NPRp is 
over about 4.0, as found in Ref.(Addy, 1981).  
 
To verify the present results, the Mach disk location and diameter measured from the 
shadowgraph pictures taken in the present study are compared to the results of the previous 
works(Crist et al., 1966; Driftmyer, 1972; Addy, 1981), as shown in Figure 4.4. The present results are 
in good agreement with those results.  
 
4.4 Near Field Structures of Coaxial Jet 
4.4.1 Effect of secondary annular stream and NPR 
The effects of secondary annular stream on the supersonic jet are shown in Figure 4.5 with 
various NPRp and NPRs. For NPRs=1.5, where secondary stream is subsonic at the exit of the coaxial 
annular nozzle, it seems that secondary annular stream remarkably changes the primary jet structures.  
Compared with Figure 4.3, the Mach disk is formed for all of NPRp values applied. For NPRp 
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below 4.0, the Mach disk did not appear in the single jet and increased with an increasing in NPRs as 
shown in Figure 4.3. While for NPRp=7.0, secondary stream remarkably reduces the Mach disk, 
compared with Figure 4.3(f) and decreased with an increasing in NPRs.  
It is believed that secondary stream acts as a pressure boundary condition around the primary jet 
flow and then encourages or suppresses an expansion of primary jet boundary in accordance with 
NPRs. The present visualization pictures apparently show that secondary annular stream significantly 
influences the primary jet and the effect of secondary stream on the Mach disk is strongly dependent 
on NPRp value, i.e., the expansion state of the primary jet at the exit of nozzle.  
It is interesting to note here that an annular shock wave occurs in secondary stream for NPRs 
over a certain value, and strongly interacts with the primary supersonic jet.   
 
Figure 4.6 shows the shadowgraph picture and computed shadowgraph image to compare both 
the experimental and computational results for NPRp =7.0 and NPRs =4.0. As seen from the Figure, 
computational image is a good agreement in a jet structure with the shadowgraph picture.  
It seems that the under-expanded, dual, coaxial jet is consisted of the lip shock wave, annular 
shock wave, oblique shock wave, primary Mach disk and secondary Mach disk. This structure is quite 
different from a single jet having the same pressure condition. Here, it should be noted that the 2nd 
Mach disk and the exit shock wave are a distinctive phenomenon in coaxial jet compare to a single jet. 
According to a theory of compressible fluid mechanics, it is impossible for a 2nd Mach disk to be 
present in a single jet. But it is possible in coaxial jet because the 2nd Mach disk is generated from 
secondary annular stream. It is believed that the generation of the 2nd Mach disk is due to the reflection 
of lip shock wave in the secondary stream outer boundary.  
The computed shadowgraph picture obtained by computed shadowgraph method and density 
contour on the jet axis are shown in Figure 4.7 for NPRp=5.0 and various NPRs. The effect of 
secondary jet pressure ratio on the expansion rate of the primary jet present good compared with the 
experiment results. 
 
Figure 4.8 shows the structure of an annular shock wave with NPRp of 1.0 and various NPRs. For 
NPRs=3.0, a number of weak annular shock wave is visible, and with an increase in NPRs the length 
between the annular shock cell is larger and the location moves further downstream. It is believed that 
the secondary annular stream can act as pressure boundary conditions surrounding the primary jet and 
the annular shock wave strongly interacts with the boundary of the primary jet.  
 
4.4.2 Effect of secondary swirling stream 
The structure of the coaxial jet with secondary swirling stream is quite different from that of 
secondary no-swirling stream as shown in Figure 4.9. For instance, compared with the cases of 
secondary stream with no swirl, the Mach disk is located further downstream, its diameter becomes 
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smaller, and the annular shock wave locates a little upstream. The diameter of the Mach disk increases 
and the location of the annular shock wave moves downstream as NPRs increases. The present flow 
visualizations obviously show that secondary swirling stream significantly changes the major 
characteristics of the primary jet, compared with secondary no swirling stream. 
In the case of NPRp=7.0, secondary swirling stream causes the Mach disk to be stronger, 
compared with secondary no swirling stream, as shown in Figure 4.9(c). In this case, the diameter of 
the Mach disk decreases until some value of NPRp. It is believed that secondary annular stream can 
act as the pressure boundary conditions surrounding the primary jet, influencing the spreading of the 
primary jet. In particular, this tendency is strongly dependent on whether secondary stream has a swirl 
or not.  
 
Figure 4.10 shows the structure of annular shock wave taken at angle of 60 degree against the jet 
axis with NPRp=1.0 and various NPRs. For NPRs=3.0, a number of weak annular shock wave is 
visible, and with an increase in NPRs the length between the annular shock cell is larger and the 
location moves further downstream. It seems that the annular shock wave has a type of daunt. As 
mentioned above, this shape of secondary annular stream can act as pressure boundary conditions 
surrounding the primary jet and the annular shock wave strongly interacts with the boundary of the 
primary jet.  
 
In order to quantify the Mach disk characteristics shown in the shadowgraph pictures described 
above, Figure 4.11 represents the relationship between the Mach disk location and NPR. The location 
of the Mach disk Xm is measured from the exit of the nozzle and normalized by the exit diameter Dp of 
the primary nozzle. For NPRp=7.0, secondary swirling stream causes the Mach disk to move 
downstream as NPRs increases(Figure 4.11(b)), while in the cases of secondary stream with no swirl, 
this is not apparently found(Figure 4.11(a)). For NPRp=3.0, NPRs does not significantly influence the 
location of the Mach disk, regardless of a swirl. It is believed that this is closely related with the space 
and nozzle expansion ration between both jets. The more detail explanation will be presented later. It 
can be obviously known that secondary annular stream causes the Mach disk to move downstream, 
compared with the case of no secondary annular stream of NPRs=1.0. Furthermore, the presence of 
annular swirling stream causes the Mach disk to move more downstream, compared with the case of 
secondary annular stream with no swirl.  
 
Figure 4.12 shows the relationship between the diameter dm of the Mach disk and NPR. The 
present experimental data show that the diameter of the Mach disk is a strong function of NPR and the 
swirl. Interestingly, the Case A has a minimum value of the diameter in some NPRs, while the Case B 
has a maximum value near NPRs=1.5. However, it is very likely that the effects of secondary swirling 
stream on the Mach disk in the primary supersonic jet are dependent on the pressure ratio of the 
primary jet, i.e., the expansion extent of the primary jet at the exit of nozzle.  
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Figure 4.13 shows the variation of the annular shock location and NPR, where Xa is the distance 
of the annular shock from the exit of nozzle. For a given NPRp, the location of the annular shock wave 
increases with NPRs and secondary swirling stream(Case B) causes the annular shock to move 
upstream, compared with secondary annular stream of no swirl (Case A).  
Note that secondary swirling stream induces a pressure drop downstream at the exit of nozzle, as 
shown in Figure 4.14. Figure shows the impact pressure distributions measured at the vicinity of 
nozzle-lip(x/Dp=0.1). For Case A, the impact pressure decreases and thereafter increases with NPRs.  
The present data show that secondary stream changes the base pressure at the vicinity of the 
nozzle exit, and secondary annular swirling stream (Case B) leads to lower base pressure than Case A. 
This is due to the tangential velocity component of secondary swirling stream at the exit of nozzle and 
results in changing the real expansion ratio of the primary jet. It is noted that for secondary swirling 
stream the base pressure in all tested cases is less than atmospheric pressure. Therefore, the primary jet 
with secondary swirling stream would be relatively strongly expanded at the exit of nozzle, compared 
with that of secondary annular stream of no swirl, resulting in the annular shock wave to move further 
upstream.  
This trend can also be confirmed in the streamline map computed as shown in Figure 4.15. The 
size of the separation region and the angle of the primary jet streamline against the jet axis become 
less with NPRs. That is, in the case of Case A, the secondary stream suppresses the expansion of the 
primary jet, while for Case A the secondary stream encourages it. 
   
The gain of the variation of the real expansion ratio also can be understand from the static 
pressure distributions measured by static probe in experiment. For no primary jet of NPRp=1.0, Figure 
4.16(a) shows the static pressure distributions along the coaxial jet axis. The static pressure 
distributions for secondary swirling stream are completely different for those of secondary annular 
stream of no swirl in which the static pressure suddenly increases to a peak value and then decreases to 
reach a constant level. The peak value is due to the annular shock waves and its location moves 
downstream with an increase in NPRs.  
Meanwhile, for secondary swirling stream case(Case B), the static pressure decreases 
downstream at the exit of nozzle and then increases up to a constant level. This implies that secondary 
swirling stream generates a reverse flow downstream at the exit of nozzle and the strength of the 
reverse flow is dependent on NPRs.  
 
To make this reverse flow region clear, the impact pressure distributions with NPRp=1.0 is 
presented in Figure 4.16(b). For secondary no swirling stream(Case A), the impact pressure 
distribution suddenly increases to a certain positive value, which is higher than atmospheric pressure, 
while for secondary swirling stream(Case B), it has a negative pressure value up to about x/Dp=4.5, 
which means a reverse flow.  
This reversal region also was confirmed by the visualization using a tuft as shown in Figure 4.17 
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for NPRp=1.0 and NPRs=2.0. In the case of secondary stream with no swirl, tuft, where located at 
x/Dp= 1.0, pointed in direction of the flow, while in the case of secondary swirling stream, tuft pointed 
against the flow at x/Dp=1.5. 
 
4.4.3 Effect of nozzle-lip thickness 
To investigate the effect of the nozzle-lip thickness on the features of the coaxial jet with 
secondary stream, Figure 4.18 shows the shadowgraph pictures of the coaxial jet issuing from the 
nozzle II with tn=0.5mm. The near field structures are very different from that of the nozzle I with tn of 
1.5mm. For NPRp=5.0, Mach disk is not observed in all NPRs applied, but although does not shown 
here, it is visible in the case of Nozzle I.  
It is believed for this reason that in the case of thin nozzle-lip(nozzle II) the secondary stream 
suppresses the jet boundary instead of encouraging the expansion of jet boundary because there is no 
space for expansion of the primary jet, compared with the case of thick nozzle-lip(nozzle I), and then 
the nozzle-lip thickness lead to the variation in a base pressure.  
 
To confirm this, Figure 4.19 shows the impact pressure distributions measured at the vicinity of 
nozzle-lip, x/Dp=0.1. For Nozzle I the impact pressure increases with NPRs, while for Nozzle II it is 
decreased and then increased with NPRs and it is lower than that of Nozzle II. The present data show 
that the thickness of the nozzle-lip changes the base pressure at the vicinity of the nozzle exit where 
lead to flow recirculation.  
From these results, we can know that in the case of thin nozzle-lip the secondary stream 
decreases the real expansion ratio primary jet by increasing the base pressure. 
 
 4.4.4 Effect of secondary stream thickness 
Figure 4.20 shows the shadowgraphs of the supersonic jets with secondary no swirling stream 
issuing from Nozzle III and IV with a fixed value of NPRp=5.0 and various NPRs.  
The two nozzles have the same dimension with the nozzle I, except secondary stream thickness ts. 
The thickness of secondary stream ts, is 1 mm for nozzle III, and 3 mm for nozzle Ⅳ, while 2 mm for 
nozzle I. The change of secondary stream thickness means a variation of the nozzle area ratio or mass 
flow ratio.  
For nozzle III an increase in NPRs reduces the Mach disk diameter and moves further upstream, 
while for nozzle Ⅳ the diameter of the Mach disk increases up to NPRs=3.0. It seems that the two 
nozzles are much different in annular shock structures. It is believed that an annular shock wave 
strongly interact with the boundary of primary jet and then the location of an annular shock wave may 
play an important role in the strength of the interaction between two streams.  
 
The effect of secondary stream thickness is likely to be more significant in the case of secondary 
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swirling stream(Case B), compared with the case of secondary no swirling stream(Case A), as shown 
in Figure 4.21. For nozzle Ⅳ, the Mach disk diameter becomes larger and the annular shock wave 
moves further downstream, compared with secondary stream with no swirl(Figure 4.20(b)).  
However, it seems that in nozzle III, the effect of the swirl is not significant, compared with 
nozzle Ⅳ. 
 
In order to clear the effect of secondary stream thickness on the Mach disk characteristics shown 
in the shadowgraph pictures described above, Figure 4.22 represents the relationship between the 
Mach disk location and NPRs for various secondary stream thicknesses. 
In all cases applied here, Xm increases with NPRp, while decreases with NPRs. In the fixed value 
of NPRs, an increase in secondary stream thickness causes the annular shock wave to move further 
upstream, and the value of Xm is slightly higher in Nozzle I as compared with the other two cases. But 
the trend is similar in the three nozzles and these differences in characteristics of Mach disk among the 
three nozzles are not significant.  
 
However, the location of the annular shock wave has influenced by secondary stream thickness 
and NPR as shown in Figure 4.23. It is believed that the difference in location weakly affects the 
location of Mach disk.  
 
4.5 Pressure Distributions 
4.5.1 Effect of secondary stream and NPR 
Figure 4.24 shows the impact pressure distributions along the coaxial jet axis. It seems that the 
impact pressure distributions are significantly varied depending on NPRs. For NPRp=3.0 and no 
secondary annular stream of NPRs=1.0(Figure 4.24(b)), the impact pressure highly fluctuates with the 
axial distance as found in a supersonic single jet(David, 1995). With secondary annular streams, it 
suddenly decreases and then increases with some extent of fluctuations before monotonously 
decreasing in which the flow is decelerated to subsonic velocity. It seems that for secondary annular no 
swirling stream, the impact pressures strongly depend on NPRs.  
The impact pressure fluctuations increase with NPRp, while decrease with NPRs. In NPRp=7.0, 
however, the primary jet is comparatively highly under-expanded at the exit of nozzle. In this case, it 
seems that NPRs does not significantly change the impact pressure distribution, compared with the 
cases of lower NPRp.  
 
Figure 4.25 shows the radial distributions of the impact pressures for various NPRp and NPRs 
values. At x/Dp=0.1, there seems to be no any notable effect of NPRs on the impact pressure 
distributions in the nozzle axis, but at x/Dp≥1.0, NPRs remarkably changes the radial impact pressure 
distributions in the case of NPRp=3.0(Figure 4.25(a)). The impact pressures on the jet axis decrease 
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with NPRs in the range below x/Dp=6.0.  
The radial gradient in the impact pressure distributions near the coaxial jet boundaries reduces as 
NPRs increases. For NPRp=5.0, however, NPRs does not influence the impact pressure on the jet axis 
in the range below x/Dp=4.0.  
From the present impact pressure distributions, it is believed that the mixing effect of the coaxial 
jet is improved as NPRs increases and NPRp decreases. 
 
Figure 4.26 shows the computed total pressure distributions in the coaxial jet axis. It seems that 
the total pressure distributions are extremely affected by the presence of the Mach disk. The total 
pressure abruptly decreases downstream of the Mach disk and then slightly increases due to the 
intrusion of secondary stream. This is not found in a supersonic single jet(Katanoda, 2001).  
Interestingly, a decreasing in NPRs increases the total pressure at downstream, while in 
NPRp=7.0 the total pressure downstream of the Mach disk decreases with a decreasing in NPRs. 
 
Figure 4.27 shows the static pressure distributions along the coaxial jet axis. The static pressures 
highly fluctuate with the distance. In case of NPRs=3.0, the static pressure fluctuations amount to 
about 40 % of p0p and those are continued up to x/Dp =about 8.0. In this case, secondary annular 
stream slightly increases the static pressure fluctuations.  
At NPRp=5.0, it seems that the static pressure fluctuations increase and are continued up to 
longer axial distance, compared with the case of NPRp=3.0. Secondary annular stream decreases the 
static pressure fluctuations in contrast to the case of NPRp=3.0. Until now, almost all of the works on 
the supersonic jets have neglected these static pressure fluctuations so that the Mach numbers could 
have deduced by only the impact pressure measurements.  
The present data show that the coaxial jet has strong radial static pressure gradients that should be 
involved to investigate the major characteristics of the supersonic jet. 
 
4.5.2 Effect of secondary swirling stream 
The effects of secondary swirling stream on the impact pressure distributions are shown in Figure 
4.28 for NPRp=3.0 and 7.0, respectively.  
Secondary swirling stream considerably changes the impact pressure distributions. For NPRs=1.5, 
the impact pressure distributions are qualitatively similar in both Cases A and B, but the absolute 
values of the impact pressures are quite different. It should be noted that an increase in the impact 
pressure is associated with shock systems generated in dual, coaxial jet. For NPRp=7.0, where the 
primary jet is comparatively highly under-expanded at the exit of nozzle, and secondary swirling 
stream reduces the fluctuations of the impact pressures, but this effect is not significant in the mean 
pressure value, compared with the cases of secondary annular stream without swirl, and the effect of 
NPRs. 
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Figure 4.29 shows the static pressure distributions along the coaxial jet axis for NPRp=5.0 and 
NPRs=3.0, where the primary jet is moderately under-expanded at the exit of nozzle.  
It is worthwhile to note that for secondary swirling stream, the static pressure fluctuations nearly 
disappear at the region of x/Dp> about 12.0, while for secondary annular stream without swirl, those 
still fluctuate with the distance. A faster decay of the static pressure indicates a stronger mixing 
between the primary and secondary streams. 
 
For NPRp=5.0 and a several values of NPRs, Figure 4.30 shows the radial distributions of the 
impact pressures, where secondary annular stream of no swirl is indicated by the solid lines and 
secondary swirling stream by the dotted line.  
For all NPRs, at x/Dp=0.1, the impact pressure distributions for both cases are quite similar, but at 
x/Dp=1.0, the impact pressure distributions are a little different only near the jet axis. In particular, at 
x/Dp >2.0, it is interesting to note that the impact pressures of secondary swirling stream are lower 
than those of secondary annular stream of no swirl in which the radial gradients in the impact pressure 
distributions near the dual coaxial jet boundaries are steeper than those of secondary swirling stream.  
It is, thus, believed that secondary swirling stream leads to relatively improve mixing effects of 
the dual, coaxial jet, compared with secondary annular stream of no swirl.  
 
4.5.3 Effect of nozzle-lip thickness 
Figure 4.31 and 4.32 present the impact pressure distributions along the coaxial jet axis to show 
the effect of nozzle-lip thickness for NPRp=3.0 and 7.0, respectively.  
In Figure 4.31(a), the mean values of the impact pressure are higher than that of the case of 
Nozzle I as shown in Figure 4.24(b), while for NPRp=7.0, Figure 4.32(a), it is not significantly 
observed. This trend is similar to Case B as shown in Figure 4.31(b) and 4.32(b) as compared with the 
Figure 4.28. It is believed that this is closely related to the effect of the suppression caused by 
secondary stream on the boundary layer of the primary jet.  
 
The effect of nozzle-lip thickness on the static pressure is not significant for NPR=5.0 and 
NPRs=3.0 as shown in Figure 4.33.  
Meanwhile, it seems that the effect of secondary stream on the impact pressure distribution in 
radial direction is dependent on nozzle-lip thickness, as shown in Figure 4.34. The nozzle-lip thickness 
effect is stronger in the Case A, compared with the Case B. However, this effect becomes weaker with 
an increase in NPRs.  
 
4.6 Jet Spreading  
In order to investigate secondary swirling stream effects on jet spreading, Figure 4.35 shows the 
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width δ of the coaxial jet boundary, which is defined as the radial distance between the points where 
the impact pressure is approximately 0.05 times the peak impact pressures, as shown schematically in 
the figure.  
The width is increased with an increase of x/Dp and NPRs. From this, it can be known that the 
mixing effect between two streams is enhanced with an increase of NPRs.  
 
Figure 4.36 depicted the effect of the swirl on the jet spreading with Nozzle I and NPRp=5.0. For 
NPRs=4.0, it is found that secondary swirling stream considerably increases the jet width at the region 
of x/Dp >about 3.0, compared with secondary annular stream of no swirl. However, for NPRs=1.5, the 
effect of secondary swirling stream on the jet width is not significant.  
Therefore, it is concluded that for high NPRs values, secondary swirling stream is more effective 
in diffusing the dual, coaxial jet than secondary annular stream of no swirl.   
 
4.7 Conclusions 
The present study described an experimental and computational work to investigate the effects of 
secondary annular swirling stream and nozzle geometry on the features of supersonic coaxial jet. 
Experiment was performed using a dual coaxial nozzle and the jet pressure ratio is varied below 7.0 
for the primary jet, and 5.0 for secondary annular stream, respectively. The impact and static pressures 
are measured and near filed structures are qualitatively visualized using a shadowgraph optical method. 
The interaction between two streams and the total pressure distributions along the coaxial jet axis are 
investigated by using a simple computational analysis.  
The results obtained are summarized as following;  
 
1) Secondary annular stream changes the shock wave structures and the impact pressure 
distributions of the supersonic coaxial jet, although it does not influence the impact pressure 
distribution upstream of the Mach disk. 
2) Secondary annular stream significantly changes the diameter and location of the Mach disk. It is 
believed that secondary stream acts as a pressure boundary condition around the primary jet 
flow and then encourages or suppresses an expansion of primary jet boundary. However, these 
effects are strongly dependent on nozzle pressure ratio of primary jet and the nozzle-lip 
thickness.  
3) The static pressure fluctuations that amount to over several ten per cent of the upstream 
stagnation pressure occur in the supersonic coaxial jet. Secondary annular stream reduces the 
static pressure fluctuations. 
4) Secondary annular swirling stream causes the Mach disk to move further downstream with the 
increased diameter, compared with secondary annular stream with no swirl. 
5) The impact pressures strongly depend on NPRs and its fluctuations are remarkably reduced in 
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case of secondary swirling stream, compared with the cases of secondary stream with no swirl.  
6) The static pressure fluctuations decay faster in the case of secondary swirling stream, compared 
with secondary annular stream with no swirl. This means that secondary swirling stream is more 
effective in mixing between the primary and secondary streams. 
7) The nozzle-lip thickness affect the jet structures and the impact pressure distributions, because 
in the case of thin nozzle-lip(nozzle II) the effect of suppression of secondary stream on the 
primary jet boundary is stronger than the encouragement of the expansion of jet boundary in the 
case of thick nozzle-lip(nozzle I).  
8) Secondary stream thickness does not have a significant influence on the features of Mach disk, 
compared with the nozzle-lip thickness. However, its effect is considerably significant when the 
secondary stream is to be swirling flow.  
9) The jet width is increased with an increase of x/Dp and NPRs. Secondary swirling stream 
considerably increases the jet width at the region of x/Dp > about 3.0, compared with secondary 
annular no swirling stream.  
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Figure 4.1 Details of dual, coaxial, nozzle (unit: mm). 
 
 
 
Table 4.1 Detailed dimensions of coaxial nozzles (unit: mm). 
Nozzle 
type Dp Dsi Dso 
tn  
(=(Dsi-Dp)/2) 
ts  
(=(Dso -Dsi)/2) 
Nozzle Ⅰ 11 15 1.5 2 
Nozzle Ⅱ 11 13 0.5 2 
Nozzle Ⅲ 9 13 1.5 1 
Nozzle Ⅳ 
8 
11 17 1.5 3 
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Table 4.2 Flow conditions applied in the present study. 
Flow pattern NPRp NPRs Sgp Sgs pm& (kg/s) sm& (kg/s) 
Case A 
(No-swirl) 
1.0 
2.0 
3.0 
5.0 
7.0 
1.0 
1.5 
2.0 
3.0 
4.0 
0.0 0.00 
0.000 
0.019 
0.028 
0.047 
0.065 
0.000 
0.024 
0.033 
0.050 
0.067 
Case B 
(Swirl) 
1.0 
2.0 
3.0 
5.0 
7.0 
1.0 
1.5 
2.0 
3.0 
4.0 
0.0 2.01 
0.000 
0.019 
0.028 
0.047 
0.065 
0.000 
0.017 
0.025 
0.040 
0.053 
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Figure 4.2 Computational mesh system and domain 
 
 47   
 
 
 
 
 
 
   
    (a) NPRp = 2.0       (b) NPRp = 3.0        (c) NPRp = 4.0 
 
   
(d) NPRp = 5.0       (e) NPRp = 6.0        (f) NPRp = 7.0 
 
Figure 4.3 Shadowgraph pictures showing single jet. 
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Figure 4.4 Mach disk diameter and location for single jet 
 
 
 
 
 
 
D
p
d mXm
p0
pb
 49   
 
   
NPRs=1.5 
   
NPRs=2.0 
   
NPRs=3.0 
   
NPRs=4.0 
   
NPRs=5.0 
(a) NPRp=3.0         (b) NPRp=4.5         (c) NPRp=7.0 
 
Figure 4.5 Effect of secondary stream and NPR on the jet structure 
(Nozzle I, Case A). 
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Figure 4.6 Shadowgraph picture and computed shadowgraph image 
(Case A, NPRp=7.0, NPRs=4.0). 
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  (c) NPRs=3.0                     (d) NPRs=4.0 
 
Figure 4.7 Effect of NPRs on the density contours (Case A, NPRp=5.0).  
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(a)NPRs=1.5         (b) NPRs=2.0         (c) NPRs=3.0 
   
(d) NPRs=4.0         (e) NPRs=5.0         (f) NPRs=5.5 
 
Figure 4.8 Effect of NPRs on the structures of an annular shock wave 
(Nozzle I, NPRp=1.0). 
 
 
 
 
 
 
 
 52   
 
   
NPRs=1.5 
   
NPRs=2.0 
   
NPRs=3.0 
   
NPRs=4.0 
   
NPRs=5.0 
(a) NPRp=3.0         (b) NPRp=4.5         (c) NPRp=7.0 
 
Figure 4.9 Effect of secondary swirling stream on the jet structures 
(Nozzle I, Case B). 
 
 53   
 
 
 
 
 
 
          
            (a) NPRs=3.0              (b) NPRs=4.0    
                 
      
             (c) NPRs=5.0             (d) NPRs=6.0 
 
 Figure 4.10 Shadowgraphs of an annular shock wave taken at 60 degree 
against the jet axis (Nozzle I, Case B, NPRp=1.0). 
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Figure 4.11 Location of the Mach disk (Nozzle I). 
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Figure 4.12 Diameter of the Mach disk (Nozzle I). 
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Figure 4.13 Location of an annular shock wave (Nozzle I). 
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Figure 4.14 Impact pressure at the nozzle base (Nozzle I, x/Dp=0.1). 
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Figure 4.15 Computed streamlines and velocity vectors at the vicinity of 
nozzle exit (Nozzle I, Case A, NPRp=5.0). 
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Figure 4.16 Effect of NPRs on the pressure distributions along the jet 
axis (NPRp=1.0). 
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Figure 4.17 Experimental evidence of flow recirculation of the jet by 
using a tuft (NPRp=1.0, NPRs=2.0). 
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Figure 4.18 Effect of nozzle-lip thickness(tn) on the jet structures  
(Nozzle II, Case A). 
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Figure 4.19 Effect of nozzle-lip thickness(tn) on the impact pressure at a 
nozzle base. 
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Figure 4.20 Effect of secondary stream thickness(ts) on the jet structure 
(NPRp=5.0, Case A). 
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Figure 4.21 Effect of secondary stream thickness(ts) on the jet structure  
(NPRp=5.0, Case B). 
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Figure 4.22 Effect of secondary stream thickness(ts) on the Mach disk 
location (Case A). 
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Figure 4.23 Effect of secondary stream thickness(ts) on the location of an 
annular shock wave (Case A). 
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(b) NPRp=3.0 
 
Figure 4.24 Effect of NPR on the impact pressure distributions along the 
jet axis (Nozzle I, Case A). 
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Figure 4.24 Continued (Nozzle I, Case A). 
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(b) NPRp=5.0 
 
Figure 4.25 Effect of NPR on the impact pressure distributions in radial 
direction (Nozzle I, Case A). 
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(b) NPRp=7.0 
 
Figure 4.26 Effect of NPR on computed total pressure distributions along 
the jet axis (Nozzle I, Case A). 
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(b) NPRp=5.0 
 
Figure 4.27 Effect of NPR on the static pressure distributions along the 
jet axis (Nozzle I, Case A). 
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   (b) NPRp=7.0 
 
Figure 4.28 Effect of secondary swirling stream on the impact pressure 
distributions along the jet axis (Nozzle I). 
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Figure 4.29 Effect of secondary swirling stream on the static pressure 
distributions along the jet axis (Nozzle I, NPRp=5.0, 
NPRs=3.0). 
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(a) NPRs=1.5 
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(b) NPRs=2.0 
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(c)NPRs=4.0 
 
Figure 4.30 Effect of secondary swirling stream on the impact pressure 
distributions in radial direction (Nozzle I, NPRp=5.0). 
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Figure 4.31 Effect of NPRs on the impact pressure distributions 
along the jet axis (Nozzle II, NPRp=3.0). 
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Figure 4.32 Effect of NPRs on the impact pressure distributions along 
the jet axis (Nozzle II, NPRp=7.0). 
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Figure 4.33 Effect of nozzle-lip thickness(tn) on the static pressure 
distributions along the jet axis (Case A, NPRp=5.0, 
NPRs=3.0).  
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(a) NPRs=1.5 
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(c) NPRs=4.0 
 
Figure 4.34 Effect of secondary swirling stream on the impact pressure 
distributions in radial direction (Nozzle II, NPRp=5.0). 
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Figure 4.35 Effect of NPRs on the jet spreading 
       (Nozzle I, Case A, NPRp=5.0). 
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Figure 4.36 Effect of secondary swirling stream on the jet spreading 
(Nozzle I, NPRp=5.0). 
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CHAPTER 5 
SUPERSONIC SWIRLING JET WITH SECONDARY 
ANNULAR STREAM 
 
In recent, much interest is being concentrated on engineering applications, such as spray driers, 
burners, ejectors, and jet pumps, of supersonic swirling jet with secondary stream, because it leads to a 
better performance, compared with the subsonic swirling coaxial jet.  
 
However, the present understanding on the supersonic coaxial jet with secondary stream is not 
too sufficient for practical engineering applications. Associated flow field is highly complicated with a 
lot of unknown phenomena.  
 
This chapter discusses the experimental results to get a better understanding on the characteristics 
of supersonic swirling jet with secondary swirling stream, especially on the size of recirculation region, 
which plays a major role in flame stability, and on the pressure distributions. This can be accomplished 
by clarifying the effects of NPR, the secondary annular stream, impinging angle of secondary swirling 
stream to the primary jet, the primary nozzle lip-thickness on the supersonic, coaxial, swirling jet.   
The present study was initiated as a fundamental step of a long-term project regarding the 
supersonic coaxial swirling jet technologies.  
 
5.1 Coaxial Swirl Nozzle and Flow Conditions 
Two coaxial nozzles with a different nozzle-lip thickness are employed in present study and the 
details of the dual, coaxial nozzles are indicated in Figure 5.1 and Table 5.1. The primary inner 
circular nozzle having four tangential inlet ports for swirling stream has a convergent part followed by 
a straight section with a length of 10mm, and its exit diameter Dp is 8.0 mm.  
 
Secondary annular outer nozzle also has four tangential inlet ports for co- and counter-swirling 
streams against the primary swirling jet and four axial inlet ports for secondary no-swirling stream, 
respectively. Swirling in coaxial jet was generated by means of four tangential inlet ports against to the 
nozzle axis, and changing the annular outer nozzle enables secondary annular stream to be counter-
swirl against the primary swirling jet. These inlet ports are connected with the plenum chambers. For 
secondary swirling stream, the axial inlet ports are closed using a dummy plug, while for secondary 
no-swirling stream the tangential inlet ports are closed.  
 
For both swirling streams, author used a geometrical swirl number (Sg) to specify the swirling 
intensity defined by Chigier and Beer(1964). 
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Where, am&  and θm&  are the mass flow rates through the axial and tangential inlets of the 
nozzle and At are total area of inlet ports.  
For the primary swirling flow, the dimension of nozzle was used in calculating of the swirl 
number, while for secondary swirling flow the equivalent diameter of secondary annular nozzle 
considered in calculating of swirl number. The values of all dimensions used in calculating the swirl 
number for both jets are indicated in Figure 5.1 and Table 5.1.  
It should be noted that the geometrical swirl number defined in Eq. (5.1) does not take account 
for the exit velocity profiles. In this study, the stream for the swirling jet is generated only in the 
tangential inlets. Then the swirl numbers of two swirling jet are fixed values, Sgp=0.81 for the primary 
swirling jet, and Sgs=2.01 and –2.01 for secondary co-and counter-swirling jets, respectively.  
 
As the flow conditions, the nozzle pressure ratio (NPR) of both jets, which determine the mass 
flow ratio between the primary and secondary jets, were varied in the range between 1.0 and 7.0, as 
summarized in Table 5.2. 
Here, the under-expanded swirling jet with secondary annular stream of no swirl(Figure 1.4(e)) is 
defined as Case A, secondary annular stream of co-swirl(Figure 1.4(f)) as Case B, and secondary 
annular stream of counter-swirl(Figure 1.4(g)) against the primary swirling jet as Case C. 
 
5.2 Single Swirling Jet 
Figure 5.2 shows the shadowgraph pictures of the supersonic swirling jets without secondary 
stream, where Sgp is fixed at 0.81, but NPRp is varied between 2.0 and 7.0.  
For NPRp=2.0, which corresponds to nearly correct expansion state in the case of no swirl, the 
recirculation flow is observed near the axis of jet, and no clear shock system is observed. For 
NPRp=3.0, the jet is weakly under-expanded and the oblique shock waves are formed downstream at 
the exit of nozzle. This is quite similar to the case of no swirling jet(Lee et al. 2003).  
The shock waves seem not to intersect on the jet axis but reflect from the boundary of the 
recirculation region. For NPRp higher than 5.0, the jet is strongly under-expanded, the barrel shock 
wave appears around the jet boundary. In this case, the flow can be divided by the supersonic flow 
region and the swirl-induced subsonic recirculation region, as reported by Yu and Chen(1998).  
The recirculation region becomes larger with an increase in NPRp. The present visualization 
results show that the recirculation region is formed for all of NPRp values applied, and it is 
significantly expanded as NPRp exceeds approximately 5.0. 
The resulting reverse flow was also confirmed by a tuft experiment as shown in Figure 5.3. A tuft 
is inserted in the jet axis with NPRp=7.0 and pointed against the flow.  
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5.3 Near Field Structures of Coaxial Swirling Jet 
5.3.1 Effect of secondary stream and NPR 
The effects of secondary annular stream are shown in Figure 5.4 for Nozzle I and Case A, where 
NPRp and NPRs are varied.  
The structure of primary swirling jet is significantly changed in the presence of secondary annular 
stream. For NPRp=3.0, it is interesting to note that the Mach disk caused by the Barrel shock wave is 
formed for all cases of secondary annular stream, but it does not occur in the swirling jet without 
secondary annular stream, as shown in Figure 5.2(b). It seems that the size of the recirculation region 
has close relation with the diameter of the Mach disk. For the case of NPRp=7.0, secondary annular 
stream causes the size of recirculation region to increase and the shock wave to be stronger, compared 
with the case of NPRp=3.0.  
The present visualization results show that the size of the recirculation region is affected by NPRs. 
 
5.3.2 Effect of secondary annular swirling stream 
Supersonic swirling jet with secondary co-swirling stream, Case B(Figure 5.5(a)) is quite 
different from those with secondary no-swirling stream, Case A(Figure 5.4(b)). The Mach disk locates 
further downstream and the diameter of the recirculation region becomes larger, and the annular shock 
wave locates a little upstream, compared with Case A. An increase in NPRs increases the Mach disk 
diameter and causes the annular shock wave to move further downstream.  
Secondary counter-swirling stream, Case C(Figure 5.5(b)) increases more the size of recirculation 
region and moves the annular shock wave to further downstream, compared with Case B. This trend 
can be seen in subsonic coaxial swirling jet as presented by Vu and Gouldin(1982). 
 
The size of barrel shock wave, which may have relation with the size of recirculation region, 
taken from the shadowgraph pictures is shown in Figure 5.6. The size seems a strong function of NPR.  
For NPRp=7.0, it seems that the size of Barrel shock is increased by secondary swirling stream 
and decreased by an increase in NPRs, while for NPRp=3.0 it is decreased with secondary swirling 
stream and increased as NPRs are increasing. Interestingly, the direction of secondary swirling stream 
does not have significant influence on the size of Barrel shock regardless of NPRp. 
The results show that effects of secondary stream on the size of the Barrel shock wave are quite 
dependent on the pressure ratio of the primary swirling jet(NPRp), i.e., the expansion extent of the 
primary swirling jet at the exit of nozzle.  
 
5.3.3 Effect of nozzle-lip thickness 
To investigate the effect of the nozzle-lip thickness on the structure of supersonic, coaxial, 
swirling jet, Figure 5.7 shows the shadowgraph pictures of the coaxial swirling jets with secondary no 
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swirling stream(Case A) issuing from Nozzle II, where the lip thickness tn is 0.5mm.  
The near field structures are very different from those of nozzle I, where tn is 1.5mm(Figure 5.4). 
It seems that the size of recirculation region is less in Nozzle II case than in the case of Nozzle I 
regardless of NPRp, and the location of annular shock wave moves further upstream.  
It is believed for this reason that in the case of thin nozzle-lip(nozzle II) the secondary stream 
suppresses the jet boundary instead of encouraging the expansion of jet boundary, compared with the 
case of thick nozzle-lip(nozzle I) and the nozzle-lip thickness has an influence on base pressure as well 
as secondary swirling stream.  
 
In order to, in more detail, investigate the nozzle-lip thickness effects, Figure 5.8 shows the 
impact pressure measured at the vicinity of nozzle-lip, x/Dp=0.1. For nozzle II, the impact pressure 
increases with NPRs in all tested NPRp and is higher than that of nozzle I, It is believed that the 
nozzle-lip thickness affect the formation of recirculation region, which lead to change the expansion 
ratio of the primary swirling jet.  
 
5.4 Pressure Distributions 
5.4.1 Effect of secondary stream and NPR 
The effect of secondary annular stream on the impact pressure distributions is shown in Figure 
5.9 for various NPRs values at a fixed NPRp.  
For NPRp=2.0, NPRs has a significant influence on the impact pressure distributions. The impact 
pressures at the vicinity of the nozzle exit are strongly dependent on NPRs. The negative impact 
pressure value increases as NPRs decreases. Even far away from the nozzle exit, NPRs influences the 
impact pressure distributions, increasing as NPRs increases.  
It is interesting to note that the impact pressure distributions for higher NPRp values do not 
significantly depend on NPRs, as shown in Figure 5.9(c) and (d). Thus, it is believed that secondary 
annular stream with no swirl affects only the primary under-expanded swirling jet with comparatively 
low NPRp values.  
 
Samet and Einav(1988) reported that secondary annular stream effects can be diminished or 
enhanced by increasing the swirl number of the primary subsonic swirling jet. The present data show 
that NPRs effects are significantly dependent on NPRp.  
 
Figure 5.10 shows the radial distributions of the impact pressures for different NPRp and NPRs 
values. There seems to be no any notable effect of NPRs on the impact pressure distributions near the 
nozzle axis up to x/Dp=4.0 for NPRp=3.0 and 6.0 for NPRp=5.0.  
 
It is interesting to note that for NPRp=3.0, the reverse flow jet boundary is monotonically 
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decreased with x/Dp, while for NPRp=5.0, the size maximized at x/Dp=1.0, thereafter decreases with 
x/Dp.  
 
5.4.2 Effect of secondary swirling stream 
Figure 5.11 and 5.12 show the impact pressure distributions for four different flow conditions 
with NPRp=3.0 and 7.0, respectively.  
For NPRp=3.0(Figure 5.11), the impact pressures of the primary swirling jet without secondary 
stream highly oscillate near the nozzle exit. It seems that the presence of secondary stream suppresses 
the impact pressure fluctuations regardless of whether it is co-swirl or counter-swirl.  
It is found that this tendency appears more significant for low NPRp value, from a comparison 
with Figure 5.12. Thus, it is believed that the swirl direction of secondary stream does not significantly 
influence the impact pressure distributions. 
 
The effect of secondary flow pattern on the radial impact pressure distribution is presented in 
Figures 5.13 and 5.14 for NPRp=3.0 and 5.0 respectively. Near the nozzle exit, the radial impact 
pressure distributions for NPRs=1.5(Figure 5.13(a)) have two distinct peaks, being around the 
boundaries between the primary swirling stream and secondary stream. A strong negative peak appears 
at the jet axis. Two peak pressures reduce with distance, and at x/Dp=about 10.0, the peak impact 
pressures are nearly disappeared.  
The radial impact pressure distributions for both cases Case B and C are nearly the same, but it 
seems that those for Case A have more apparent peaks. This means that secondary stream with swirl 
has stronger diffusion effect on the primary swirling jet, compared with secondary stream of no swirl. 
For NPRs=3.0(Figure 5.13(b)), outer two additional peaks at x/Dp=0.1 are due to the dynamic pressure 
caused by the high-pressure ratio of the secondary stream. From the radial impact pressure 
distributions above, the boundary of the present under-expanded, coaxial swirling jet is expanded with 
distance.  
 
This trend is not different when NPRp increases, as shown in Figure 5.14.  
 
Figure 5.15 shows the impact pressure distributions in radial direction for NPRp=1.0, which 
means no primary jet.  
The recirculation region is continuing up to further downstream and its size becomes larger as 
NPRs increase and in the case of secondary co-swirling stream(Case B), compared with secondary of 
no swirl case(Case A). This means that the entrainment force of secondary stream toward the primary 
jet center becomes stronger as NPRs is decreased and in the case of secondary no-swirling stream than 
in case of secondary co-swirling stream. It is believed that this difference between two cases leads to 
the change in the structure of the under-expanded coaxial swirling jet. 
 86   
 5.4.3 Effect of nozzle-lip thickness 
Figure 5.16 shows the impact pressure distributions along the coaxial jet axis for Nozzle I and 
Nozzle II with NPRp=5.0.  
It seems that the nozzle-lip thickness does not have significant influence on the impact pressure 
distributions near the nozzle exit, but at downstream mean value of the impact pressure is slightly 
higher in the case of Nozzle II than in the case of Nozzle I.  
This is also confirmed in the radial impact pressure distributions as shown in Figure 5.17. The 
gradient of the impact pressure near the nozzle axis is larger in the case of Nozzle II than in the case of 
Nozzle I, while decayed faster in the case of Nozzle I than in the case of Nozzle II, regardless of the 
direction of secondary swirling stream.  
As NPRp increases(Figure 5.18), the difference in the pressure distributions seems not to be 
significant. 
    
5.5 Size of Recirculation Region 
5.5.1 Effect of secondary swirling stream  
The region of the negative impact pressure occurring near the jet axis can also be estimated from 
the radial impact pressure distributions. Figure 5.19 shows the size of recirculation region Yr, where 
Yr is defined as the region of the negative impact pressure region.  
For the primary swirling jet without secondary stream(solid line), Yr abruptly increases near the 
nozzle exit, being nearly constant between x/Dp=about 0.5 and 3.5, and then decreases sharply with 
distance. For x/Dp>4.5, the negative impact pressure region does not occur. The shape of such a 
recirculation region is quite similar to that of the subsonic swirling jet(Vu and Gouldin, 1981).  
 
Secondary stream changes the shape of the recirculation region. For case A, Yr is much larger 
near the nozzle exit, compared with the primary swirling jet without secondary stream, but the 
streamwise length of the recirculation region is much shorter. It seems that increasing NPRs causes 
the streamwise length of the recirculation region to reduce.  
 
Meanwhile, secondary co-swirling stream(Case B) causes the recirculation region to be 
significantly bigger. Secondary counter-swirling stream(Case C) causes the diameter of recirculation 
region to increase, but causes the streamwise length of recirculation region to reduce, compared with 
the solid line. These tendencies become different as NPRp increases. For NPRp=3.0, the solid line 
highly fluctuate with distance. It is likely that secondary stream somewhat reduces the fluctuations in 
Yr.  
The effect of secondary stream on the recirculation region is dependent on NPRs applied. For 
NPRp=5.0(Figure 5.19(c)), secondary stream of swirl significantly increases Yr in the range from 
x/Dp=about 1.0 to 2.5, but it reduces the streamwise length of recirculation region.  
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From the results of the Shadowgraph pictures and pressure distributions above, the schematic of 
near field flow structure at higher NPRp and NPRs as the representative type is shown in Figure 5.20. 
The flow fields of the under-expanded swirling jet with the secondary annular stream can be divided 
into tree regions: first, the supersonic flow region in the primary and secondary jet plume; second, the 
reverse flow region, which is formed near the primary jet axis and it’s size is fluctuated with the 
distance. This shape is very different from that of the subsonic coaxial swirling jet(Vu and Gouldin, 
1981); third, the subsonic flow region, a mixing region between the two jets.  
 
5.5.2 Effect of nozzle-lip thickness 
Figure 5.21 depicts the effect of nozzle-lip thickness on the size of recirculation region with a 
fixed value of NPRp=5.0.  
It seems that for Case A, two nozzles does not have a difference in Yr, while for Case B the 
maximum value of Yr is slightly higher in the case of Nozzle I than in the case of Nozzle II.  
 
5.6 Length of Recirculation Region 
Figure 5.22 represents the streamwise length of recirculation region Xr, which is defined as the 
length of the negative impact pressure region, as schematically shown in Figure. The solid line 
indicates the primary swirling jet without secondary stream. In this case, Xr gradually increases and 
then decreases sharply with NPRp.  
Similar trend can be found in Case A and Case C. There is a certain value of NPRp for Xr to be 
maximized. Such a tendency is not apparently found in secondary streams of co-swirl(Case B).  
The effects of NPRs and secondary flow pattern become very weak with decreases in nozzle-lip 
thickness, as shown in Figure 5.23. It seems that Xr is monotonically decreased with NPRp regardless 
of secondary flow pattern.  
 
5.7 Conclusions  
The present study describes an experimental work to investigate the effects of secondary annular 
stream and nozzle-lip thickness on the supersonic swirling jet. Secondary stream is made up by three 
different flows, such as secondary annular stream without swirl, secondary streams of co-swirl and 
counter swirl against the primary swirling jet. The experimental results showed the following; 
 
1) The presence of secondary annular stream suppresses the oscillation of the impact pressure, 
which occurs near the exit of nozzle.  
2) Secondary swirling stream increases the size of the recirculation region up to 36% for 
NPRp=5.0, compared with single swirling stream, depending on the pressure ratio of secondary 
stream.  
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3) The swirl direction of secondary stream does not significantly change the impact pressure 
distributions along the jet axis. However, secondary stream of co-swirl increases the size of 
recirculation region, compared with secondary annular stream of no swirl, while secondary 
stream of counter-swirl reduces the size of recirculation region.  
4) The size and shape of recirculation region are strongly influenced by the pressure ratios for both 
the primary and secondary streams.   
5) The size of the recirculation region is less in Nozzle II case than in the case of Nozzle I 
regardless of NPRp. It is believed for this reason that the nozzle-lip thickness has an influence 
on base pressure of primary swirling jet. 
6) Nozzle-lip thickness does not have significant influence on the impact pressure distributions 
near the nozzle exit, but at downstream, mean value of the impact pressure is slightly higher in 
the case of Nozzle II than in the case of Nozzle I. 
7) Nozzle-lip thickness affects the maximum value of Yr, but it is dependent on a swirl of 
secondary stream. 
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Figure 5.1 Details of dual, coaxial, swirl nozzle (unit: mm). 
 
 
 
 
 
 
Table 5.1 Detailed dimensions of coaxial swirl nozzles (unit: mm). 
Nozzle 
type Dp Dsi Dso 
tn  
(=(Dsi-Dp)/2) 
ts  
(=(Dso -Dsi)/2) 
Nozzle Ⅰ 11 15 1.5 2 
Nozzle Ⅱ 
8 
11 13 0.5 2 
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Table 5.2 Flow conditions applied in the present study. 
Flow pattern NPRp NPRs Sgp Sgs 
Case A 
(No-swirl) 
1.0 
2.0 
3.0 
5.0 
7.0 
1.0 
1.5 
2.0 
3.0 
4.0 
0.81 0.00 
Case B 
(Co-swirl) 
1.0 
2.0 
3.0 
5.0 
7.0 
1.0 
1.5 
2.0 
3.0 
4.0 
0.81 2.01 
Case C 
(Counter-swirl)
1.0 
2.0 
3.0 
5.0 
7.0 
1.0 
1.5 
2.0 
3.0 
4.0 
0.81 -2.01 
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(a) NPRp = 2.0            (b) NPRp = 3.0 
 
    
Boundary of
the recirculation zone
Barrel shock wave
 
(c) NPRp = 5.0            (d) NPRp = 7.0 
 
Figure 5.2 Shadowgraph pictures showing supersonic swirling jet  
(without secondary stream). 
 
 
 
 
 
 
 
  
Figure 5.3 Shadowgraph picture showing reverse flow region in under-
expanded swirling jets (NPRp=7.0). 
 
 
 
Recirculation region
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(a) NPRp=3.0         (b) NPRp=5.0         (c) NPRp=7.0 
 
Figure 5.4 Effect of NPR on the supersonic swirling jet structures 
(Nozzle I, Case A). 
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(a) Case B               (b) Case C 
 
Figure 5.5 Effect of secondary swirling stream on the jet structures 
(Nozzle I, NPRp=5.0). 
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   Figure 5.6 Size of the barrel shock wave (Nozzle I). 
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(a) NPRp=3.0         (b) NPRp=5.0          (c) NPRp=7.0 
 
Figure 5.7 Effect of nozzle-lip thickness(tn) on the jet structures  
(Nozzle II, Case A). 
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Figure 5.8 Impact pressure at the nozzle base (x/Dp=0.1, Case A). 
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 (b) NPRp=3.0 
 
Figure 5.9 Effect of NPR on the impact pressure distributions along the 
jet axis (Nozzle I, Case A). 
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(d) NPRp=7.0 
 
   Figure 5.9 Continued (Nozzle I, Case A). 
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(b) NPRp=5.0 
 
Figure 5.10 Effect of NPR on the impact pressure distributions in 
radial direction (Nozzle I, Case A). 
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Figure 5.11 Effect of secondary swirling stream on the impact pressure 
distributions along the jet axis (Nozzle I, NPRp=3.0). 
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(b) NPRs=3.0 
 
Figure 5.12 Effect of secondary swirling stream on the impact pressure 
distributions along the jet axis (Nozzle I, NPRp=7.0). 
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(b) NPRs=3.0 
 
Figure 5.13 Effect of secondary swirling stream on the impact pressure 
distributions in radial direction (Nozzle I, NPRp=3.0). 
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(b) NPRs=3.0 
 
Figure 5.14 Effect of secondary swirling stream on the impact pressure 
distributions in radial direction (Nozzle I, NPRp=5.0). 
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(b) NPRs=4.0 
 
Figure 5.15 Effect of secondary swirling stream on the impact pressure 
distributions in radial direction (Nozzle I, NPRp=1.0). 
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(b) Case B 
 
Figure 5.16 Effect of nozzle-lip thickness(tn) on the impact pressure 
distributions along the jet axis (NPRp=5.0). 
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(b) Case B 
 
Figure 5.17 Effect of nozzle-lip thickness(tn) on the impact pressure 
distributions in radial direction (NPRp=3.0, NPRs=3.0). 
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(b) Case B 
 
Figure 5.18 Effect of nozzle-lip thickness(tn) on the impact pressure 
distributions in radial direction (NPRp=5.0, NPRs=3.0). 
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Figure 5.19 Effect of secondary swirling stream direction on the size of 
recirculation region (Nozzle I). 
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Figure 5.19 Continued (Nozzle I). 
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Figure 5.20 Schematic of near-field flow structure of strong under-expanded 
  coaxial swirling jet.  
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Figure 5.21 Effect of nozzle-lip thickness(tn) on the size of recirculation 
region (NPRp=5.0). 
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Figure 5.22 Effect of NPR on the streamwise length of recirculation 
region (Nozzle I). 
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Figure 5.23 Effect of secondary swirling flow direction on the streamwise 
length of recirculation region (Nozzle II). 
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CHAPTER 6 
THE INFLUENCE OF NOZZLE INLET CONFIGURATION ON 
SUPERSONIC SWIRLING JET 
 
From the gasdynamic point of view, the supersonic jet with no swirl is dependent only on nozzle 
pressure ratio, but is not sensitive to the supply chamber configuration at nozzle inlet. This situation 
can differ in the swirling jet. Until now, no work has been made to elucidate the effect of nozzle inlet 
configuration on supersonic swirling jet. 
The effects of the nozzle supply chamber configuration on the supersonic swirling jet are 
considered with the objectives to obtain design factors of the supersonic coaxial swirl nozzle.  
 
This chapter describes the importance of the nozzle supply chamber configuration in the 
supersonic swirling jet, which are discharged from a convergent nozzle with four tangential inlets at 
the nozzle supply chamber. The chamber configuration is changed using plugs and needles, which are 
installed in various different types, without greatly changing the total volume of the chamber. The 
experimental data are discussed based on the pressure measurements and visualizations.  
To author’s knowledge, no work has been made to elucidate the effect of nozzle inlet 
configuration on supersonic swirling jet so far. 
 
6.1 Swirl Nozzle and Flow Conditions  
Experiment facility has been fabricated to investigate supersonic swirling jet, as schematically 
shown in Figure 3.1 without secondary supply system. Figure 6.1 shows the single swirl nozzle for 
supersonic swirling jet. The nozzle supply chamber has four tangential inlets, and consists of the 
upstream plug that is the end wall and the convergent nozzle, followed by a straight section of a length 
of 10mm. The nozzle exit diameter Dp is 8.0 mm.  
 
The upstream plug configuration is systematically varied without greatly changing the supply 
chamber volume, as shown in Table 6.1. The baseline plug(F0) is an axisymmetric cylinder with a 
length of 30mm and a diameter of 26mm. This plug configuration is varied to a concave type(C0) or a 
convex type(CV).  
As schematically shown in Table 6.1, C10 plug has a hole of a diameter of 5mm and the hole 
depth is 10mm, while C300 plug has a hole depth of 300mm. CF plug has the hole open to atmosphere. 
Meanwhile, S1-S, S1-L and S2 plugs have a needle with different length and leading edges. The 
needle is inserted into the supply chamber through the plug. A combination of the plug and needle can 
change the configuration of nozzle supply chamber. In this case, the needle can be often regarded as a 
tool to measure the nozzle supply pressure and temperature.  
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The supersonic swirling jet is generated when the airflow through four tangential inlets is 
discharged from the convergent nozzle. In order to define the swirling stream, we here define a 
geometrical swirl number (Sg) as a non-dimensional quantity for swirl intensity(Chigier and Beer, 
1964),   

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mADrS &&
&
θ
θπ                                     (6.1) 
where θm&  and am&  are the axial and tangential mass flow rates at the supply chamber, 
respectively. It should be noted that the geometrical swirl number defined in Eq. (6.1) does not take 
account for the exit velocity profiles and is obtained from only the configuration of the supply 
chamber. The nozzle pressure ratio for supersonic swirling jet is defined as the ratio of the 
pressure(p0p) at the tangential inlets to atmospheric pressure(pa), NPRp(=p0p/pa).  
 
6.2 Results and Discussion  
6.2.1 Effect of NPRp 
In supersonic swirling jet, the reverse flow region is often formed by the adverse pressure 
gradient along the jet axis, and it is one of the characteristic features that differ from the supersonic jet 
with no swirl.  
 
Figure 6.2 shows visualization pictures and impact pressure distributions along the jet axis for the 
baseline case F0. The nozzle pressure ratio NPRp is varied between 3.0 and 7.0. For NPRp=3.0, the 
swirling jet is moderately under-expanded and the oblique shock waves are formed downstream of the 
exit of nozzle, as seen in Figure 6.2 (a).  
The shock waves reflect from the boundaries of the reverse flow region. For higher NPRp, the 
swirling jet is strongly under-expanded, and the barrel shock wave is visible. In this case, the reverse 
flow region was confirmed by the tuft experiments, and outside and inside the reverse flow region, the 
swirling flow can be supersonic and subsonic, respectively.  
The impact pressure at the reverse flow region has negative values, as shown in the impact 
pressure distributions. From the present impact pressure distributions, it is found that the reverse flow 
region appears for all NPRp values applied.  
As NPRp increases, the negative impact pressure in the reverse flow region becomes smaller, 
leading to a reduced reverse flow region, and it is likely that the barrel shock wave is stronger. The 
fluctuations of the impact pressure in the reverse flow region are due to the shock waves outside the 
reverse flow region. 
 
From the radial impact pressure distributions(Figure 6.3), it is also found that the swirling jet 
boundary becomes wider with NPRp, while it is not consistent with x/Dp and has a maximum value at  
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x/Dp=1.0. The gradient of impact pressure near the jet axis is fast decay with NPRp.  
 
6.2.2 Effect of plug configuration   
The effect of the plug shape on the supersonic swirling jet is observed in Figure 6.4, where three 
cases of F0, C0 and CV are investigated for different NPRp values.  
It is found that the impact pressure distribution for F0 case is slightly lower, compared with those 
of C0 and CV cases, but the impact pressure distributions seem to be qualitatively the same for the 
three cases. As NPRp increases, this trend is observed more obviously.  
 
This tendency is also found in radial impact pressure distributions as shown in Figure 6.5. 
Regardless of NPRp and x/Dp, the swirling jet boundary is also the same. 
It is, thus, believed that the plug shape, which consists of the end wall of the supply chamber, 
does not significantly affect the impact pressure distributions of supersonic swirling jet. 
 
6.2.3 Effect of hole  
The effect of the hole installed into the concave type plugs is observed in Figure 6.6.  
From the visualization pictures, it is quite interesting to note that the shock structures are strongly 
dependent on the depth of the hole. At NPRp=7.0, the Mach disk is formed for C10 and C300 cases, 
while C0 and CF cases do not have the Mach disk but have nearly the same wave structures.  
For NPRp=3.0, it seems that the depth of the hole significantly affect the impact pressure 
distributions of four cases and consequently influencing the size of the reverse flow region. However, 
as NPRp increases, the depth of the hole does not remarkably affect the impact pressure distributions, 
except for the exit of nozzle. For NPRp=3.0, the negative impact pressures are found for all the cases 
tested, and their values are the lowest in CF case.  
 
The experimental results above show that the effect of the hole on the supersonic swirling jet is 
very sensitive to NPRp. Although, at present, experimental data are not sufficient to reveal the hole 
effect on the supersonic swirling jet, it is obvious that the detailed configuration of the nozzle supply 
chamber influences the supersonic swirling jet. To make this clear, detailed measurement should be 
done inside the supply chamber.  
 
6.2.4 Effect of the leading edge shape of needle 
Figure 6.7 shows the effect of the leading edge shape of the needle inside the nozzle supply 
chamber, where the leading edge of the needle is a cone type for S1-L case and a bolt type for S2 case.  
For both cases, the leading edge of the needle inside the nozzle supply chamber is located at the 
same position. For NPRp=7.0, the Mach disk appears clearly in the case of S1-L but it does not appear 
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in the case of S2, in which the shock wave structures are similar to that of F0.  
 
In order to quantify the swirling flow characteristics observed in the visualization pictures above, 
Figures 6.8 and 6.9 present the impact pressure distributions along the jet axis and the radial impact 
pressure distributions, respectively. For S1-L case, the negative impact pressure values are not 
observed in all NPRp cases tested(Figure 6.8), and the impact pressure distribution is qualitatively 
similar to that of the supersonic jet with no swirl(Katanoda et al. 2000).    
 
From the radial impact pressure distributions(Figure 6.9), it is found that the swirling jet 
boundary is nearly not changed by the leading edge shape of the needle, but near the jet axis, the 
impact pressure is quite sensitive to the leading edge shape of the needle.  
Thus, it is conjectured that the leading edge shape of the needle can be an important parameter to 
control the diameter of the reverse flow region and the radial pressure gradient. This is because the 
needle can have an important influence on the internal core flow region within the supply chamber. 
Further study is required to measure the complicated flow inside the supply chamber.    
 
6.2.5 Effect of the leading edge location of needle 
Figure 6.10 shows the effect of the leading edge location of the needle on the impact pressure 
distributions. It is here noted that S1-S, S1-M and S1-L have the same shape of the leading edge, but 
in these three cases, the leading edge of the needle is located at different locations(Table 6.1).  
For instance, the leading edge of the needle in Sl-M and S1-L is located downstream of the 
tangential inlets, being at 8.5mm and 24.5mm from the axis of the tangential inlets, respectively.  
 
The cases of S1-M and S1-L have similar impact pressure distributions, which are qualitatively 
similar to those of the supersonic jet without swirl, and do not have applicable reverse flow regions. 
However, the reverse flow region appears for the cases of F0 and S1-S. It is worthwhile noting 
that the needle position has a significant influence on the impact pressure distribution and the reverse 
flow region in the supersonic swirling jet. At present, it is not difficult to understand why the needle 
location significantly changes the supersonic swirling jet flow.    
 
In the present study, in addition to the jet axis(line o), the impact pressure distributions were 
measured along the lines a and b(Figure 6.11), where the line a is a horizontal line of 1.0mm apart 
from the jet axis and the line b apart 3.0mm to clarify the effect of the leading edge location of the 
needle on the strong pressure gradient region, which, in the present study, is simply defined as the 
distance xm from the nozzle exit to the position of a nearly zero pressure gradient, as illustrated in 
Figure 6.11.  
As NPRp increases, xm is increased, depending on the location of the leading edge. It is found that 
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for NPRp=3.0, a proper location of the needle can reduce xm up to about 40%, compared with F0 case 
without the needle.  
 
The present experimental results obviously show that the shape and location of the needle 
remarkably influence the supersonic swirling jet. However, the physical mechanism for this is not 
known at present.  
Nevertheless the present data can be very important in design of the supersonic swirl nozzle. It is 
also noted that measurement of the nozzle inlet flow properties should be carefully made because the 
swirling jet flow will be highly sensitive to the detailed configuration of the nozzle inlet. 
It is recommended that elaborate computational fluid dynamics should be made to elucidate the 
effects of the nozzle supply chamber and needle configurations on the supersonic swirling jet.  
 
6.3 Conclusions  
The present study addresses an experimental investigation of the effect of the nozzle inlet 
configuration on the supersonic swirling jet. The nozzle inlet configurations are changed by using the 
plugs, holes and needles, which can be regarded as a tool to measure the flow properties at the nozzle 
inlet. The supersonic swirling jet flows are specified by impact pressure measurements and are also 
visualized using the Shadowgraph method. The main conclusions are as follows; 
 
1) The major structures of the supersonic swirling jet are significantly influenced by the hole depth, 
the needle shape and position. In particular, the location of the needle remarkably changes the 
impact pressure distribution and reverse flow region of the supersonic swirling jet.  
2) The needle reduces the reverse flow region up to more that 40%, compared with the case of no 
needle.  
3) A hole or a needle inside the nozzle supply chamber can be used to control the supersonic swirling 
jet.  
4) Careful attention should be taken in design of the supersonic swirl nozzle, because the resulting jet 
flow is highly dependent on the detailed configuration of the nozzle supply chamber.  
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Figure 6.1 Details of swirl nozzle (unit: mm) 
 
 
Table 6.1 Details of plug, hole and needle (unit: mm). 
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Figure 6.2 Shadowgraph pictures and the impact pressure distributions 
along the jet axis (Case F0). 
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Figure 6.3 Radial impact pressure distributions (Case F0). 
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Figure 6.4 Impact pressure distributions along the jet. 
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(a) NPRp=3.0 
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(b) NPRp=5.0 
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(c) NPRp=7.0 
 
Figure 6.5 Impact pressure distributions in radial direction. 
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Figure 6.6 Shadowgraph pictures and the effect of hole depth on the 
impact pressure distributions. 
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Figure 6.7 Shadowgraph pictures for various shapes of the leading edge 
of needle. 
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      Figure 6.8 Impact pressure distributions for various shapes of the 
leading edge of needle. 
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   (b) NPRp=5.0 
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(c) NPRp=7.0 
Figure 6.9 Radial impact pressure distributions for various shapes of the 
leading edge of needle. 
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Figure 6.10 Impact pressure distributions with different location of needle. 
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Figure 6.11 Relationship between xm and NPRp. 
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CHAPTER 7 
CONCLUSIONS 
 
The present study describes an experimental and computational work to investigate the effects of 
secondary annular swirling stream and nozzle geometry on the features of the supersonic, dual, coaxial 
jet. Experiment is performed using a dual coaxial nozzle and the jet pressure ratio is varied below 7.0 
for the primary jet, and 4.0 for secondary annular stream, respectively. The impact and static pressures 
are measured to quantify the supersonic, dual, coaxial, swirling and no swirling jet flows, which are 
also qualitatively, visualized using a shadowgraph optical method. The results obtained are 
summarized;  
 
 
7.1 Supersonic Coaxial Jet with Secondary Annular Stream 
1) Secondary annular stream changes the shock wave structures and the impact pressure distributions 
of the supersonic coaxial jet, although it does not influence the impact pressure distribution 
upstream of the Mach disk. 
2) Secondary annular stream significantly changes the diameter and location of the Mach disk. It is 
believed that secondary stream acts as a pressure boundary condition around the primary jet flow 
and then encourages or suppresses an expansion of primary jet boundary. However, these effects 
are strongly dependent on nozzle pressure ratio of primary jet and the nozzle-lip thickness.  
3) The static pressure fluctuations that amount to over several ten per cent of the upstream stagnation 
pressure occur in the supersonic coaxial jet. Secondary annular stream reduces the static pressure 
fluctuations. 
4) Secondary annular swirling stream causes the Mach disk to move further downstream with the 
increased diameter, compared with secondary annular stream with no swirl. 
5) The impact pressures strongly depend on NPRs and its fluctuations are remarkably reduced in case 
of secondary swirling stream, compared with the cases of secondary stream with no swirl.  
6) The static pressure fluctuations decay faster in the case of secondary swirling stream, compared 
with secondary annular stream with no swirl. This means that secondary swirling stream is more 
effective in mixing between the primary and secondary streams. 
7) The nozzle-lip thickness affect the jet structures and the impact pressure distributions, because in 
the case of thin nozzle-lip(nozzle II) the effect of suppression of secondary stream on the primary 
jet boundary is stronger than the encouragement of the expansion of jet boundary in the case of 
thick nozzle-lip(nozzle I).  
8) Secondary stream thickness does not have a significant influence on the features of Mach disk, 
compared with the nozzle-lip thickness. However, its effect is considerably significant when the 
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secondary stream is to be swirling flow.  
9) The jet width is increased with an increase of x/Dp and NPRs. Secondary swirling stream 
considerably increases the jet width at the region of x/Dp >about 3.0, compared with secondary 
annular no swirling stream.  
 
 
7.2 Supersonic Swirling Jet with Secondary Annular Stream 
1) The presence of secondary annular stream suppresses the oscillation of the impact pressure, which 
occurs near the exit of nozzle.  
2) Secondary swirling stream increases the size of the recirculation region up to 36% for NPRp=5.0, 
compared with single swirling stream, depending on the pressure ratio of secondary stream.  
3) The swirl direction of secondary stream does not significantly change the impact pressure 
distributions along the jet axis. However, secondary stream of co-swirl increases the size of 
recirculation region, compared with secondary annular stream of no swirl, while secondary stream 
of counter-swirl reduces the size of recirculation region.  
4) The size and shape of recirculation region are strongly influenced by the pressure ratios for both 
the primary and secondary streams.   
5) The size of the recirculation region is less in Nozzle II case than in the case of Nozzle I regardless 
of NPRp. It is believed for this reason that the nozzle-lip thickness has an influence on base 
pressure of primary swirling jet. 
6) Nozzle-lip thickness does not have significant influence on the impact pressure distributions near 
the nozzle exit, but at downstream, mean value of the impact pressure is slightly higher in the case 
of Nozzle II than in the case of Nozzle I. 
7) Nozzle-lip thickness affects the maximum value of Yr, but it is dependent on a swirl of secondary 
stream. 
 
 
7.3 The Influence of Nozzle Inlet Configuration on Supersonic Swirling Jet 
1) The major structures of the supersonic swirling jet are significantly influenced by the hole depth, 
the needle shape and position. In particular, the location of the needle remarkably changes the 
impact pressure distribution and reverse flow region of the supersonic swirling jet.  
2) The needle reduces the reverse flow region up to more that 40%, compared with the case of no 
needle.  
3) A hole or a needle inside the nozzle supply chamber can be used to control the supersonic swirling 
jet.  
4) Careful attention should be taken in design of the supersonic swirl nozzle, because the resulting jet 
flow is highly dependent on the detailed configuration of the nozzle supply chamber.   
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7.4 Future Works 
The present study has addressed many important issues concerning the supersonic coaxial jet 
with and without secondary annular swirling stream and the effects of nozzle geometry, and has 
reported several interesting conclusions. However, the many unanswered problems raised in the 
present study still need further clarification and verification. These are summarized as,  
 
1) More systematic work is required to reveal the effect of swirl strength on the characteristics of 
supersonic coaxial jet. The definition of swirl number still remains rather ambiguous. For the 
swirling jet with the tangential inlets like the present study, the geometry swirl number does not 
include the gasdynamic parameters. Thus, it is necessary that the swirl number should be defined 
so that the momentum flows through the tangential inlets are involved in it.  
 
2) The effect of nozzle geometry should be further investigated, since the present study has been 
performed for very limited cases. Further work would be extended to include the effects of nozzle 
divergent angle, secondary stream angle, and nozzle area ratio on the behavior of supersonic 
coaxial jet. 
 
3) The present measurements showed that the nozzle supply chamber configuration is very sensitive 
on the feature of supersonic swirling jet. To make this clear, more detailed investigation is required. 
A computational work using the three-dimensional, unsteady, compressible, viscous equations 
could be helpful, and turbulence model effect to represent the measured data should be investigated 
with a numerical scheme appropriate to capture shock waves. 
 
4) Gas dynamics of the supersonic, coaxial, swirling jet lends itself to a number of possible 
applications. The supersonic coaxial jet with swirling streams could even be intended to provide 
desirable effects, for example, in design of the efficient nozzle and supersonic combustion, in the 
point of view of aerodynamical and industrial applications. Therefore, future work could also be 
processed toward such application fields. 
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